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PEEFACE. 

I HAVE endeavoured in the following Treatise to exhibit the 
subject in a simple manner for the benefit of beginners, and 
at the same time to include in one volume all that students 
usually require. In addition, therefore, to the propositions 
which have always appeared in such treatises, I have intro- 
duced the methods of abridged Twtation, which are of more 
recent origin ; these methods which are of a less elementary 
character than the rest of the work, are placed in separate 
chapters, and may be omitted by the student at first. 

The examples at the end of each chapter, will, it is hoped, 
ftirnish sufficient exercise on the principles of the subject, 
as they have been carefully selected with the view of illus- 
trating the most important points, and have been tested by 
repeated experience with pupils. At the end of the volume 
will be found the results of the examples, together with hints 
for the solution of some which appear difficult. 

The properties of the parabola, ellipse, and hyperbola, have 

been separately considered before the discussion of the general 

equation of the second degree, from the belief that the subject 

is thus presented in its most accessible form to students in 

the early stages of their progress. 

I. TODHUNTEE. 
St John's Colleob, 

July, 1855. 

In the second edition the work has been revised and some 
additions have been made both to the text and to the exam- 
ples ; the hints for the solution of the examples have also been 
considerably increased. 

March, 1858. 



CONTENTS. 



PLANE CO-ORDINATE GEOMETRY. 

Chap. Pauh 

I. Co-ordinates of a Point . .... 1 

II. On the Straight Line 11 

III. Problems on the Straight Line .... '25 

IV. Straight Line continued 58 

V. Transformation of Co-ordinates 74 

VI. The Circle 82 

VII. Radical Axis. Pole and Polar 102 

VIII. The Parabola 110 

IX. The Ellipse 139 

X. The Ellipse continued 166 

XL The Hyperbola 187 

XII. The Hyperbola continued 201 

XIII. General Equation of the Second Degree . . . 225 

XIV. Miscellaneous Propositions . . . . 245 

XV. Abridged Notation 271 

XVI. Sections of a Cone. Anharmonic Ratio and Harmonic 

Pencil ... . . . . 294 

Answers to Examples . 304 



Students reading this work for the first time ma.V omit Chapters 
IV, VII, XIV, XV, XVI. 



PLANE CO-OEDINATE GEOMETKY. 

CHAPTEE I. 

CO-OEDINATES OF A POINT. 



1. In Plane Co-ordinate Greometiy we investigate the 
properties of straight lines and curves lying in one plane 
by means of co-ordinates : we commence by explaining what 
we mean by the co-ordinates of a point. 
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Let be a fixed point in a plane through which the lines 
X'OX, Y'OY, are drawn at right angles. Let F be any 
other point in the plane ; draw PM parallel to Y meeting 
OX in 3f, and PiV" parallel to OX meeting OY in iV". The 
position of Pis evidently known if OM ani OX axe known; 
for if through N and M lines be drawn parallel to OX and 
OF respectively, they will intersect in P. 

The point is called the origin; the lines OA' and OY 
are called axes; OM is called the abscissa of the point P; and 
T. c. S. 1 



2 CO-ORDINATES OF A POINT. 

ON, or its equal IIP, is called the ordinate of P. Also OM 
and ilfP are together called co-ordinates of F. 

2. Let Oil/ = a, and ON^h, then according to our defi- 
nitions we may say that the point P has its abscissa equal to a, 
and its ordinate equal to h; or, more briefly, the co-ordinates of 
the point P are a and b. We shall often speak of the point 
which has a for its abscissa and h for its ordinate, as the 
jpoint (a, b). 

3. A distance measured along the axis OX is however 
most frequently denoted by the symbol x, and a distance 
measured along the axis F by the symbol y. Hence OX 
is called the axis of x, and • F the axis of y. Thus x and y 
are symbols to which we may ascribe different numerical 
values corresponding to the different points we consider, and 
we may express the statement that the co-ordinates of P are 
a and b, thus — for the point P, x = a and y = b. 

4. The lines X'OX, Y'OY, being indefinitely produced 
divide the plane in which they lie into four compartments. 
It becomes therefore necessary to distinguish points in one 
compartment from points in the others. For this purpose 
the following convention is adopted, which the reader has 
already seen in works on Trigonometry ; lines measured along 

OX are considered positive and along OX' negative ; lines 
measured along OF are considered positive, and along OY' 
negative. If then we produce PN to a point Q such that 
JV"^ = NP, we have for the point Q, x = — a, y = b. If we 
produce PM to B so that MR = MP, we have for the point 
R, x = a, y — — b. Finally if we produce PO to 8 so that 

OS = OP, we have for the point 8, x = — a, y = —b. 

5. In the figure in Art. 1 we have taken the angle YOX 
a right angle ; the axes are then called recta7igular. If the 
angle YOX be not a right angle, the axes are called oblique. 
All that has been hitherto said applies whether the axes are 
rectangular or oblique. We shall always suppose the axes 
rectangular unless the contrary be stated ; this remark apj)lies 
both to our investigations and to the examples which are given 

for the exercise of the student. 



POLAE CO-OEDINATES OF A POINT. 3 

6. Anotlier method of determining the position of a point 
in a plane is by means oi polar co-ordinates. 




Let be a fixed point, and OX a fixed line. Let P be 
any other point ; join OP; then the position of P is determined 
if we know the angle XOP and the distance OP. The angle 
is usually denoted by 6 and the distance by r. 

is called the pole, OX the, initial line; OP the radius 
vector of the point P, and POX the vectorial angle. 

7. The position of any point might be expressed by 
positive values of the polar co-ordinates 6 and r, since there 
IS here no ambiguity con-esponding to that arising from the 
four compartments of the figure in Art. 4. It is however 
found convenient to use a similar convention to that in 
Art. 4 ; angles measured in one direction from OX are con- 
sidered positive and in the other negative. Thus if in the 
figure A' OP be a positive angle, XOQ will be a negative 
angle; if the angle XOQ be a quarter of a right angle, we 

may say that for XO Q, = — — . It is, as we have stated, 

not absolutely necessary to introduce negative angles, but con- 
venient — the position of the line OQ, for instance, might be 
determined by measui-ing from OX in the positive direction 

an angle = 27r — — as well as by measui-ing an angle in the 

negative direction = — . 

Also positive and negative values of the radius vector are 

TT 

admitted. Thus, suppose the co-ordinates of P to be — and a, 

1—2 



4 CO-ORDINATES OP A POINT. 

that is, let XOP='^ and OP=-a; produce PO to P', so 

that OF = OP, then F may be determined by saying its 

co-ordinates are — and — a. Thus when the radius vector is a 
4 

negative quantity, we measure it on the same line as if it had 

been a positive quantity but in the opjjosite direction from 0. 

Hence if /8 represent any angle and c any length the same 
point is determined by the polar co-ordinates /3 and — c as by 
the polar co-ordinates tt + /3 and c. 

8. Let X, y, denote the co-ordinates of P referred to OX 
as the axis of x, and a line through perpendicular to OX as 
the axis of y. Also let d and r be the polar co-ordinates of P. 
If we draw from P a perpendicular on OX, we see that 

x = r cos 9, and y — r sin d. 

These equations connect the rectangular and polar co-ordi- 
nates of a point. From them, or from the figure, we may 
deduce 

x'' + f = r\ ^ = tan 61. 

X 

9. We proceed to investigate expressions for some geome- 
trical quantities in terms of co-ordinates. 

To find an expression for the length of the line joining two 
points. 




Let P and Q be the two points ; a the inclination of the 
axes OX, OY. Draw PM, QN, parallel to OY; let x^, y^, be 



LENGTH OF A LINE, 5 

the co-ordinates of P, and x^, y^, those of Q. Draw PR 
parallel to OX. Then, \>j Trigonometry, 

PQ' = PR + QR^ - ^PR . QR cos PR Q 
= PR' + QR" + 2PR . QR cos to. 
BvLt PR = x^ — x^, and QR = y^ — y^; therefore 
PQt='[x,-x^Y + {y^-y^y + ^{x,-x,){y^-y^)c05c^...{l), 
and thus the distance PQ is determined. 
If the axes are rectangular, we have 

PQ^={x,-x,r + {y,-y,Y (2). 

The student should draw figures placing P and Q in the 
different compartments and in different positions ; the equa- 
tions (1) and (2) will he found universally true. 

From the equation (2) we have 

PQ' = x: + y,^ + x,'+y,'-^{x,x, + y,y,) (3). 

The following particular cases may be noted. 

If P be at the origin aj^ = and 3/1 = ; thus 

If P be on the axis of x and Q on the axis of y, 3/1 = and 
a; =0; thus 

PQ' = x:+y:. 

Let 6^, i\, be the polar co-ordinates of P, and 6^, r^, those 
of Q; then, by Art. 8, 

a;i = riCOS^i, y^ = 5-1 sin ^„ 

x^ = r^CQBe^, y^ = r^sme^. 

Substitute these values in (3) and we have 

PQ' = r,' + r:-2r,r,coB{e,-e,). 

This result can also be obtained immediately from the tri- 
angle POQ formed by drawing lines from P and Q to the 
origin. 



6 CO-OEDINATES OF A POINT. 

10. To find the co-ordinates of the point which divides in a 
given ratio the line joining two given points. 




Let A and B be the given points, x^, y^, the co-ordinates 
oi A, and x^, y^, those oi B; and let the required ratio be 
that of Wj to n^. Suppose G the required point, so that 
AG : GB :: n^ : n^. Draw the ordinates AL, BM, GN; and 
AB parallel to OX meeting GN in I). Let x, y, be the co- 
ordinates of G. 

It is obvious from the figure that 



that is, 
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x„ — x 
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Similarly, 



y = 



n£^ + n£^ 

'»! + «2 

n, + n„ 



In this article the axes may be oblique or rectangular. A 
simple case is that in which we require the co-ordinates of the 
point midway between two given points ; then n^ — n^ and 



x = ^{x^ + x^, 



y = ki.yi + y^- 



. ATlEA OF A TRIANGLE. 



11. To eocpress the area of a triangle in terms of the co- 
ordinates of its angular points. 

Let ABC be a triangle; let x^, y^, be the co-ordinates of 
-^ ; ^iiVi-: those oi B; x^,y^, those of G. Draw the ordinates 
AL, BM, CN. The area of the triangle is equal to the 
trapezium ^i^ilfL + trapezium 5(7iV"lf- trapezium AGNL. 




O L M N X 

The area of the trapezium ABML is \LM [AL + BiPj. 
This is obvious, because if we join BL we divide the trape- 
zium into two triangles, one having AL for its base and the 
other BM, and each having LM for its height ; 

thus, trapezium ABML = ^{x^ — x^ [y^ + y^ ; 

also, trapezium BCNM= \ (x^ — x^ [y^ + y^ ; 

and, trapezium A GNL = ^{x^ — x^ [y^ + y^ ; 

therefore triangle ABG 

= i (K - «J [y, +2/J + (a?3 - «J (y.2 +2/3) - K - ^^J (yi +^3)}- 

This expression may be written more symmetrically thus ; 

1 {(■r.-a'i) (y,+2/J + K-a;^) (ya+yJ +{x,-^^ (yi+y8)}-(i)- 

By reducing it, we shall find the area of the triangle 

==\[x^,-x,y^ + x^^-x^^ + x^y^-x,y;^ (2). 

If the axes be oblique and inclined at an angle w, the area 
of the trapezium ABML = \LM{AL + BM) sin w, and simi- 
larly for the other trapeziums. Thus the area of the triangle 
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will be found by multiplying the expressions given above 
by sin w. 

However the relative situations oi A, B, G, may be changed, 
the student will always find for the area of the triangle the 
expression (2), or that expression with the sign of every term 
changed. Hence we conclude, that we shall always obtain 
the area of the triangle by calculating the value of the expres- 
sion (2), and changing the sign of the result if it should prove 
negative. 

Locus of an equation. Equation to a curve. 

12. Suppose an equation to be given between two unknown 
quantities, for example, y — x — i = 0. We see that this 
equation has an indefinite number of solutions, for we may 
assign to x any value we please, and from the equation deter- 
mine the corresponding value of y. Thus corresponding to 
the values 1, 2, 3, ... of a;, we have the values 3, 4, 5, ... biy. 
Now suppose a line, straight or curved, such that it passes 
through every point determined by giving to x and y values 
that satisfy the equation y — x — 2 = Q; such a line is called 
the locus of the equation. It will be shewn in the next 
chapter that the locus of the equation in question is a straight 
line. We shall see as we proceed that generally every equa- 
tion between the quantities x and y has a corresponding locus. 

But instead of starting with an equation and investigating 
what locus it represents, we may give a geometrical definition 
of a curve and deduce from that definition an appropriate 
equation ; this will likewise appear as we proceed ; we shall 
take successively different curves, define them, deduce their 
equations, and then investigate the properties of these curves 
by means of their equations. We shall in the next chapter 
begin with the equation to a straight line. 

The connexion between a locus and an equation is the 
fandamental idea of the subject and must therefore be carefully 
considered ; we shall place here a formal definition which we 
shall illustrate in the next chapter by applying it to a straight 
line. 

_ Def. _ The_ equation which expresses the invariable rela- 
tion which exists between the co-ordinates of every point of 



EQUATION TO A CUEVE. 9 

a curve is called the equation to the cuive ; and the curve, the 
co-ordinates of every point of which satisfy a given equation, 
is called the locus of that equation. 

13. The student has probably already become familiar 
with the division of algebraical equations into equations of 
the first, second, third ... degree. When we speak of an 
equation of the w"' degree between two variables we mean 
that every term is of the form Ax'^}f where a and /3 are zero 
or positive integers such that a + /3 is not greater than m, A is 
a constant numerical quantity, and the equation is formed 
by connecting a series of such terms by the signs + and — , 
and putting the result = 0. 

EXAMPLES. 

1. Find the polar co-ordinates of the points whose rect- 
angular co-ordinates are 

(1) x=\,y = \; (2) a; = -l, y = 2; 

(3) x = -\,y=\; (4) x = -\,y = -\; 

and indicate the points in a figure. 

2. Find the rectangular co-ordinates of the points whose 
polar co-ordinates aa-e 

(1) = |,r = 3; (2) ^ = -|,r = 3; 

(3) ^ = |,r = -3; (4) = -|,r = -3; 

and indicate the points in a figure. 

3. The co-ordinates of P are — 1 and 4, and those of Q are 
3 and 7 ; find the length of FQ. 

4. Find the area of the triangle formed by joining the first 
three points in question 1. 

5. ^ is a point on the axis of x and B a point on the 
axis of y ; express the co-ordinates of the middle point of 
AB in terms of the abscissa of A and the ordinate of B; shew 
also that the distance of this point from the origin = \ AB. 



10 EXAMPLES. 

6. Transform equation (2) of Art. 11 so as to give an 
expression for the area of a triangle in terms of the polar 
co-ordinates of its angular points. Also obtain the result 
directly from the figure. 

7. A and B are two points and is the origin ; express 
the area of the triangle A OB in terms of the co-ordinates of 
A and B, and also in terms of the polar co-ordinates of A 
and B. 

8. A, B, C, are three points the co-ordinates of which are 
expressed as in Art. 1 1 ; suppose -D the middle point of AB ; 
join CI) and divide it in G so that CG — 2GD; find the 
co-ordinates of G. 

9. Shew that each of the triangles GAB, GBG, GAG, 
formed by joining the point G in the preceding' question to 
the points A, B, G, is equal in area to one-third of the 
triangle ABC. See Art. 11. 

10. A and B are two points ; the polar co-ordinates of A 
are 0^, r^; and those of i? are 6^, r^. A line is drawn from 
the origin bisecting the angle A OB; if C be the point 
where this line meets AB shew that the polar co-ordinates 

of g are g = i {6, + 6^) and r = ^"'"- '°' ^ ^^- " ^'^ . 

' 1 ^^ '2 

11. Find the value of CB^ and A17 in question 8 in terms 
of the co-ordinates there used ;' and shew that 

AC'+BG' = 2 CD' + 2AD\ 

12. Find the value of GA\ GB\ and GC% in question 
9 in terms of the co-ordinates there used ; and shew that 

3 ( GA' ^GB'^G C') = AB' + BG'+ GA\ 



( 11 ) 



CHAPTEE II. 

ON THE STRAIGHT LINE. 

14. To find the eqxiation to a straight line. 




I We, shall first_STippose the line not parallel to either axis^ 
Let ABU be a straight line meeting the axis of y in B. 

Draw a line OE through the origin parallel to ABB. In 

ABB take any point P; draw PiM" parallel to OY, meeting 

OXin if and O^in Q. 
Suppose OB = c, and the tangent of EOX = in; and let 

X, y, be the co-ordinates of P; then 

y=PM=PQ+QM 

=:OB+QM 

= c+Olf tan QOM 

= c + mx. 
Hence the required equation is 

y = mx + c. 
OB is called the intercept on the axis of y : if the line 
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EQUATION TO A STRAIGHT LINE. 



crosses the axis of y 'on tlie negative side of 0, c will be 
negative. 

m is the tangent of the angle QOM or BAO, that is,_ the 
angle which that part of the line which is above the axis of 
X makes with the axis of x produced in the positive direction. 
Hence if the line through the origin parallel to the given line 
falls between OF and OX, m is the tangent of an acute angle 
and is positive ; if between Y and OX produced to the left, 
m is the tangent of an obtuse angle and is negative. So long 
as we consider the same straight line m and c remain unchange- 
able, they are therefore called constant quantities or constants. 
But X and «/ majhfive an indefinite number of values since .we 
may ascribe to one of them, as x, any value we please, and find 
the corresponding value of y from the equation y = mx + c ; 
x and y are therefore called variable quantities or variables. 

If the line pass through the origin, c = 0, and the equation 
becomes 

y = nix. 

15. We have now to consider the cases in which the line 
is parallel to one of the axes. 

If the line be parallel to the axis of cc, m = 0, and, the 
equation becomes 

y = c. 

If the line be parallel to the axis of y, m becomes the 
tangent of a right angle and is infinite; the preceding investi- 
gation is then no longer applicable. We shall now give 
separate investigations of these two cases. 

To investigate the equation to a line farallel to one of the 
axes. 
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EQUATION OF THE FIRST DEGEEE. 13 

First suppose the line parallel to the axis of x. Let 5C be 
the line meeting the axis diy in B; suppose 0B= h. 

Since the line is parallel to the axis of x, the ordinate PM 
of «»?/ point of it is equal to OB. Hence calling y the 
ordinate of any point P, we have for the equation to the line 



y 



= b. 



Next suppose the line parallel to the axis of i/. Let AD 
he the line meeting the axis of x in A; suppose OA = a. 
Since the line is parallel to the axis of y, the abscissa of any 
point of it is OA. Hence calling x the abscissa of any 
point, we have for the equation to the line 



x = a, 

16. We have thus proved that any straight line whatsoever 
is represented by an equation of the first degree ; we shall 
now shew that any equation of the first degree represents a 
straight line. 

The general equation of the first degree is of the form 

Ax^By^ (7 = (1), 

A, B, G, being finite or zero. 

First suppose B not zero ; divide by B, then fi-om .(1) 

G A ,,. 

Now we have seen in Art. 14, that if a line be di-awn 

G 
meeting the axis of ?/ at a distance - -5 from the origin 

and making with the axis of x an angle of which the tangent 

is - -^ , then (2) will be the equation to this line. Hence (2), 

and therefore also (1), represents a straight line. 

If ^=0, then by Art. 15 the line represented by (1) is 
pai-allel to the axis of x. 

If ^=0, then (1) becomes 

Ax+ (7=0, 
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or 



c 



and from Art. 15 we know that this equation represents a line 
parallel to the axis of y. 

Hence the equation Ax + By + C=0 always represents a 
straight line. 

17. Equation in terms of the intercepts. The equation to 
a line may also be expressed in terms of its intercepts on the 
two axes. 



B 




M 



-As 



Let A and B be the points where the straight line meets 
the axes of x and 2/ respectively. Suppose OA = a, 0B= h. 
Let P be any point in the line ; x, y, its co-ordinates ; draw 
PM parallel to Y. Then by similar triangles, 



that is, 



18. It will be a useful exercise for the student to draw the 
straight lines corresponding to some given equations. Thus 
suppose the equation 2«/ + 3x = 7 proposed ; since a straight 
line is determmed when two of its points are known, we may 
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EXAMPLES OP STRAIGHT LINES. 15 

find in any manner we please two points that lie on the line, 
and by joining them obtain the line. Suppose then x=l, it 
follows from the equation that y = 2; hence the point which 
has its abscissa = 1 and its ordinate = 2 is on the line. Again, 
suppose x = 2, then y = ^ ; the point which has its abscissa 
= 2 and its ordinate = -^ is therefore on the line. Join the 
two points thus determined and the line so formed, produced 
indefinitely both ways, is the locus of the given equation. 
The two points that will be most easily determined are 
generally those in which the required line cuts the axes. 
buppose a; = in the given equation, then 3/ = I, that is, the 
line passes through a point on the axis of y at a distance f 
from the origin. Again, suppose 3/ = 0, then x — \, that is, the 
line passes through a point on the axis of x ai a distance 
J from the origin. Join the two points thus determined, and 
the line so formed, produced indefinitely both ways, is the 
locus of the given equation. What we have here ascertained 
a,s to the points where the line cuts the axis, may be obtained 
immediately fi'om the equation ; for if we write it in the form 

3x 2y , 
y + f=l, 

and compare it with the equation in Art. 17, 

5 + ^=1 

we see that a=l and b = w. 

Again, suppose the equation i/=x proposed. Since this 
equation can be satisfied by supposing x=0 and i/ = 0, the 
origin is a point of the line which the equation represents ; 
therefore we need only determine one other point in it. Sup- 
pose x=l, then y = 1; here another point is determined and 
the line can be drawn. The line may also be constructed by 
comparing the given equation with the form in Art. 14, 

y = 'mx. 

This we know represents a line passing through the origin 
and making with the axis of x an angle of which the tangent 
is m. Hence ^ = x represents a line passing through the 
origin and inclined at an angle of 45° to the axis of x. 
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EQUATION IN TEEMS OF THE PEEPENDICULAR. 



Similarly the equation y = —x represents a line inclined to 
the axis of x at an angle of which the tangent is — 1 ; that is 
at an angle of 135°. Hence this equation represents a line 
through bisecting the angle between OY and OX pro- 
duced to the left in the figure to Art. 14. 

19. The student is recommended to make himself tho- 
roughly acquainted with the previous Articles before proceed- 
ing with the subject. In Algebra the theory of indeterminate 
equations does not usually attract mixch attention, and the 
student is sometimes perplexed on commencing a subject in 
which he has to consider one equation between two unknown 
quantities, which generally has an infinite number of solu- 
tions. 

Our principal result up to the present point is, that a straight 
line corresponds to an equation of the first degree, and the 
student must accustom himself to perceive the appropriate 
line as soon as any equation is presented to him. The line 
can be determined \)j ascertaining two points through which it 
passes, that is, by finding two points such that the co-ordinates 
of each satisfy the given equation, and the line being thus 
determined, the co-ordinates of any point of it will satisfy 
the given equation. 



20. Equation to a straigld line in terms of the perpendicular 
from, tJie origin, and the inclination of this perpendicular to the 
axis. 




EQUATION IN TERMS OF THE PERPENDICULAR. 17 

Let OQ he the perpendicular from the origin on a 
line AB. Take any point P in the line ; draw PM per- 
pendicular to OA, MN perpendicular to OQ, and PR perpen- 
diculai- to MN. Suppose OQ=p, and the angle QOA = a. 
Let X, y, be the co-ordinates of P; then 

0Q= ON+NQ= ON+PR 

= OM cos QOA + PM sin PMR 

= X cos a + 3/ sin a. 

Therefore the equation to the line is 

X cos d + y sin a. —p. 

21. We have given separate investigations of the different 
forms of the equation to a straight line in Articles 14, 17, 20; 
any one of these forms may however be readily deduced from 
either of the others by making use of the relations which exist 
between the constant quantities. The quantity which we 
have denoted by h in Art. 17, that is OB, is denoted by c in 
Art. 14; 

.-. i = c (1). 

In Art. 17, 

- = i&nBAO = tan (tt - BAX) 
a 

^-t&nBAX; 
in Art. 14 we have denoted the tangent oi BAXhy m, 

.: - = -m (2). 

a 

In Art. 20, OA cos a = Q, and OB sma.= OQ; that is, 

2> = a cosa=& sina (3) ; 

therefore from (2) and (3), ?»=— cota (4). 

Also if the equation 

Ax + By+ C = 0, 
T. c. S. 2 
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represent the straight line under consideration, then by 
Art. 16, 

A' C 

5 = ™' -B'- 



-^ = 171, -~ = c = b (5); 



.'. -=r = cota and ^ = — ^— (6). 

B B smex. 

By means of these relations we may shew the agreement 
of the equations in Arts. 14, 17, 20, or from one of them 
deduce the others. 

22. The student may exercise himself by varying the 
figures which we have used in investigating the equations. 
Thus, for example, in the figure to Art. 17, suppose the point 
P to be in BA produced, so that it falls below the axis of x. 
We shall still have 

PM_AM PM_ x-a 

OB'AO' ^^ h ~ a • 

Now since P is below the axis of x, its ordinate y is 
a negative quantity, hence we must not put PM=y but 
PM= — y, because by PM we mean a certain length esti- 
mated positively. Thus 



'b 



and therefore, as before. 



X y ^ 
- + f = 1. 
a b 



Oblique Co-ordinates. 

23. Equation to a straight line. 

We shall denote the inclination of the axes by w. 

Suppose first, that the line is not parallel to either axis. 
Let ABD be a straight line meeting the axis of y in B. Draw 
a line OE through the origin parallel to ABD. In ABD 
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take any point P; draw PM parallel to OY, meeting OX in 
Jf and OE in Q. Suppose OB = c, and the angle QOM=a. 





X 



X' 



Let X, y, be the co-ordinates of P; then 

y = PM=PQ+ QM= OB + QM. 



But 



sin a 



OM sin (m — a) 



QM=--. 



X sm a 



sin (a) — a) "' 
Hence the required equation is 



y = 



sin (a) — a) 



+ c. 



If we put m for 



sin a 
sin (co — a) 



the equation becomes 



y = ma; + c, 



as in Art. 14. The meaning of c is the same as before ; m is 
the ratio of the sine of the inclination of the line to the axis 
of X to the sine of its inclination to the axis of y. Since 
sin a is always positive, m will be positive or negative accord- 
ing as sin {m — a) is positive or negative ; thus as before m 
will be positive or negative according as the line through the 
origin parallel to the given line falls between OF and OX, 
or between Y and OX'. The meaning of m coincides with 

that in Art, 14 when co = —, for then m = tan a. 

2—2 
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Q. sin a 

24. Since 



sm [CO — a) 
m (sin ft) cos a — cos w sin a) = sin a ; 
.•. m (sin w — cos <» tan a) = tan a ; 
m sincr) 



tan «: 



Hence 



sina = 



1 + m cos tt> 
m sin to 



cos a = 



+ \/(l + 2»4 cos G) + m^) 
1 +m cos o) 



+ V(l + 2jw cos <b + m''') ' 

Since sin a is positive, we must take the upper or lower 
sign according as m is positive or negative. 

25. The investigations in Arts. 15 and 17 apply without 
alteration to the case of oblique axes, and those in Art. 16 with 
the requisite change in the meaning of the constant m. 

26. To find the, equation to a straight line in terms of the 
perpendicular from the origin, and the inclinations of the per- 
pendicular to the axes. 




Let OQhe the perpendicular from the origin on a line AB; 
let OQ=p, OA = a, OB=h. If we suppose QOA = a., we 
have QOB=(o—a.; denote this by /8 ; then 
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'. a = 



OQ = a cos a ; 

OQ = h cos^; .-. b 



P 
cos a" 

P 
cos/8* 



Substitute in the equation, Art. 17, 
and we obtain 



^ + 2=1 



X COB a. + y cos /3 ^p. 

27. Tlie following form of the equation to a straight line 
is often useful. 




Let (3 be a fixed point in any line AB ; h, h, its co-ordi- 
nates ; let P be any other point in the line ; x, y, its co- 
ordinates ; let QP=r, and the angle BAX=a. Draw the 
ordinates FM, QN; and QR parallel to OX; then 



x—h sin I 



•«) 



sin ft) 



: I suppose, 



thus 



y — Jc _Bm a. _ 
r sin 0) 

x—h_y — lc_ 
I n 



n suppose, 
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For the equation to the line it is sufficient to put 
x — h y — k 

but it is useful to remember that each of these quantities is 
equal to r. 

If the axes are rectangular, I and n become respectively 
cos a and sin a, that is, the cosines of the inclinations of the 
line to the axes of x and y respectively. 

In the preceding figure P falls to the right of Q and x — h 
is positive. If P were to the left of Q then x — h would be 
negative. Thus since x — h = lr, the product Ir must be 
capable of changing its sign ; this leads us to consider r as 
positive or negative according to circumstances. When there- 
fore we write the equation to a straight line under the form 

x — h y — h 

and ascribe to I and n the values given above, we conclude 

that each of the expressions — = — and is numerically 

equal to the distance between the point {h, k) and the point 
[x, y), but that the sign of each expression will depend upon 
the relative positions of the two points. 

Polar Co-ordinates. 
28. Polar equation to a straight line. 




Let AB be a straight line, OQ the perpendicular on it 
from the ongm, OX the initial line, P any point in the line. 
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Suppose OQ=p, and the angle QOX= a. Let r, 6, he, the 
polar co-ordinates of P; then 

OQ^OPcosPOQ; 

that is, p = rcos{9 — a). 
This is the polar equation to the line. 

29. The polar equation may also be derived from the 
equation referred to rectangular co-ordinates. Let 

Ax + By+ (7=0 

be the equation to a line referred to rectangular co-ordinates. 
Put r cos for x, and r sin d for _?/, Art. 8 ; thus 

Arcosd + £rsm0+ C=0 (1), 

is the polar equation. This equation may be shewn to agree 
with 

^ = »-cos (^ — a) (2). 

For by Art. 21 we have 

A . ,0 p 

-Yi = cot a and „ = — ■ — - 
-o i> sm a 

Hence (1) becomes 



P 

i 

which agrees with (2) 



cot a r cos + r sin ^ ^ = 0, 

sma 



30. The equation to a line passing through the origin 
is, by Art. 14, 

y = mx. 

Put r cos 6 for x and r sin ^ for y; the equation then 
becomes 

r sin 6 = mr cos 6 ; 

.•. tan 6 = m; 

.*. 6 = a, constant ; 

this is therefore the polar equation to a line passing through 
the origin. 
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31. We will collect here the different forms of the equa- 
tion to a straight line which have been investigated, 

y = mx + c, Arts. 14 and 23. 

a; = constant, or, 3^ = constant, Arts. 15 and 25. 

- + f - 1 = 0, Arts. 17 and 25. 

a b 

X cos a + y sin a —p = 0, Art. 20. 

sin a 

y = ^—, r x + c, Art. 23. 

^ sm (w — a) 

a; cos a + y cos /3 -jj = 0, Art. 26. 

x—hy—h . 

— J— = = »■) Art. 27. 

( n 

p = rcos{6 — a), Art. 28. 

Ar cos + i?r sin ^ + C = 0, Art. 29. 

6 = constant. Art. 30. 

EXAMPLES. 

Draw the straight lines represented by the following 
equations : 

(1) y+2x = 4.; (2) 2?/-a; = 2; 

(3) y + x = -2; (4) x-2y = i; 

(5) y+2x=(i; (6) 1 = cos f ^l - - 

V 4 

(7) x=l; (8) ^ = J; 

(9) e = Q. (10) = 1. 



( 25 ) 



CHAPTER III. 

PROBLEMS ON THE STKAIGHT LINE. 

32. We proceed to apply the results of the preceding 
articles to the solution of some problems. 

To find the form of the equation to a straight line which 
passes through a given point. 

Let ajj, y^, be the co-ordinates of the given point, and 
suppose 

y = mx + c (I) 

to represent the straight line. Since the point {x^, y^ is on 
the line, its co-ordinates must satisfy (1) ; hence 

y^ = 7noo^ + c (2). 

By subtraction, 

y-y^ = m{x-x^ (3); 

this is the required equation. 

33. The equation (3) of the preceding article obviously 
represents what is required, namely, a line passing through 
the point {x^, yj. For the equatioii is of the first degree in 
the variables x, y, and therefore, by Art. 16, must represent 
some sti-aight line. Also the equation is obviously satisfied 
by the values x = x^, y = y^', that is, the line which the 
equation represents does pass through the given point. • The 
constant m is the tangent of the angle which the line makes 
with the axis of x, and by giving a suitable value to m we 
may make the equation (3) represent any straight line which 
passes through the assigned point. 
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ON MX 



The geometrical meaning of equation (3) is obvious. For 
let AB be any straight line passing through the given point 
Q. Let P be any point in the line ; x, y, its co-ordinates. 
Draw the ordinates PM, QN\ and QR parallel to OX; then 

PR 

—^ = tangent PQR ; 

that is, ^ ~ '^^ = tan BAX — m, 

which agrees with equation (3). 

34. In Art. 32 we eliminated c between the equations (1) 
and (2) and retained m; we may if we please eliminate m 
and retain c. From (2) 



.-^1:11 



Substitute in (1), thus 



y=— x + c; 

" x^ 

.". yx^ — xy^ -y G {x — x^ = 0. 

This equation obviously represents a straight line passing 
through the given point, because it is an equation of the first 
degree and is satisfied by the values x = x^, y = y^. 

35. To find the equation to the straight line which passes 
through two given points. 
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Let «,, y,, be the co-ordinates of one given point; x^, y.^, 
those of the other; suppose the equation to the straight line 
to be 

y = mx + c (1). 

Since the line passes through (a;,, y^ and {x^, yj, 

y, = ma;,+ c (2), 

y^ = inx^+G (3). 

From (1) and (2) bj subtraction, 

y-y^=m{x-x^) (4). 

From (2) and (3) by subtraction, 

hence m = — — — . 

Substitute the value of m in (4) and we have for the 
required equation 

2'-^' = ?^(^-^J (^)- 

We may also write the equation thus 

(«>i-«i) {y-yd = (2/2-yi) («-«i) (6). 

Some particular cases may here be noted. Suppose y^^y.^, 
then (6) becomes {x^ — x^ [y — y^ = 0, therefore y = y^; the 
required line is thus parallel to the axis of x. Similarly if we 
suppose Xj, = o-j , then (6) becomes {y^ — y^ {x — xj = 0, there- 
fore a; = ajj ; thus the required line is parallel to the axis of y. 
Lastly, suppose the point {x^ , yj to be the origin ; hence 
x^ = andyj = 0; thus (6) becomes x^y=y^x. The student 
should illustrate these particular cases by figures. 

36. The equation (6) of Art. 35 becomes by reduction 

^^y - ^y-L + ^2^1 - ^1^2 + a^2 - ^^y = o. 

If we compare the expression on the left-hand side of this 
equation with the expression in brackets in equation (2) of 
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Art. 11, we see the only difference is that we have x and y in 
the place ' of x^ and y^ respectively. Thus the equation 
informs us that the area of the triangle formed by joining 
{x, y), [x^,y^, (^2' 2/2) ■vanishes, as should evidently be the 
case since the vertex {x, y) falls on the base, that is, on the 
line joining [x^, y^) to (x,, y,). 

37. To find the equation to the straight line which passes 
through a given point and divides the line joining two other 
given points in a given ratio. 

Let {h, h) be the first given point; let [x^, y^), (x^, y^ be 
the two other given points; let the given ratio in which the 
line joining the last two points is to be divided be that of n^ 
to n^; then, by Art. 10, the co-ordinates of the point of 
division are 

w,a;, + n^x^ n^y^ + w,y, 
n^ + n^ ' W1 + W2 

Hence by equation (5) of Art. 35 the equation required is 

^1.^2 + ^2.yi J. 
y — k= ' ' [x — h)\ 

•^ /n ^ -X- in 'y ^ ' 

■h 



n^ + n^ 



or y-h = ^^^ — =^ i)^J — ilx-h). 

^ n^{x^-h)+n^{x^-h) ^ ' 

38. To find the form of the equation to a straight line 
which is parallel to a given straight line. 

Let the equation to the given straight line be 

y = m,x + c^ (1), 

and the equation to the other straight line 

y = mx + c (2). 

Since the lines represented by (1) and (2) are parallel, they 
must have the same inclination to the axis of a;; hence 
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Thus (2) becomes 

y — m^x + c. 

The quantity c remains undetermined since an indefinite 
number of straight lines can be drawn parallel to a given 
straight line. 

39. To determine the co-ordinates of the point of intersec- 
tion of two given straight lines. 

Let the equation to one line be 

y = m^x+c^ (1), 

and the equation to the other 

y=m.p + c^ (2). 

The co-ordinates of the point where the lines intersect must 
satisfy hoik equations ; we must therefore find the values of x 
and y from (1) and (2). Thus 

c, - c„ cm — c^m 

m^ — m^ m^ — m^ 

these are the required co-ordinates. 

40. To find the condition in order that three straight lines 
may meet in a point. 

Let the equations to the lines be respectively 

y = m^x + c^ (1), y = m^ + c^ (2), 

y = m^ + c^ (3). 

The co-ordinates of the point of intersection of (1) and 
(2) are 

a; = ) y — • 

m^ — m^ " m^ — m^ 

If the third line passes through the intersection of the first 
and second, these values must satisfy (3). Hence the neces- 
sary and sufficient condition is 

c^m^-c^m^ ^ m^ K - C;) ^ ^ 
m^-m^ m^-m^ °' 
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that is, 
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<'i™2 ~ ^2™-i + ^if^s ~ ^3*^2 + '^z^i ~ ^a'^3 = 0- 

41. To find the angle between two given straiglit lines. 




Let ABC he. one line and BEG the other ; let the equation 
to the former be 

and the equation to the latter 

Then tan ACD = tan {CAX- CDX) 

tan g^X-tan GDX 
"" 1 +tan CAX tan GDX 

m, — m„ 



1 + m^m^ 
From this we may deduce 

1 + «liTO„ 



cos^Ci» = 



V{(l + (!+<)} 



sin^OD^ 



V{(l+m;)(l+m,^)} 



42. To find the form of the equation to a straight line which 
is perpendicular to a given straight line. 
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Let y = mx + c 

be the equation to the given line, and 
y = m'x + c 

the equation to another line. Then the tangent of the angle 
between these lines is 

m — m' 
1 + mm ' 
If these lines are perpendicular, 

1 + mm' = ; 

1_ 
m' 



.'. m = ■ 



Hence 



y = he 

•^ m 



represents a line perpendicular to the line 
y = mx + c. 

43. The result of the last article may also be obtained 
thus, 




Let AB be the given line, so that tan BAX= m. Let CD 
be a line perpendicular to AB ; then 

tanZ»CX=-tanJ»CC» 
= -cot-B^O 

-_i 
m' 
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Hence the equation to CD is 



where 



y = he, 

c' = OB. 



44. Tofnd the equation to the straight line which passes 
through a given point, and is perpendicular to a given straight 
line. 

Let jBj, j/j, be the co-ordinates of the given point, and 

y — mx^c (1), 

the equation to the given line. The form of the equation to 
a line through (x^, ?/,), is 

y-y^ = m:(x-x^ (2). 

If (2) is perpendicular to (1), we have 

mm + 1 = 0. 
Hence the required equation is 



'-^^=-m^^-^'^- 



45. To find the equations to the straight lines which pass 
through a given point and make a given angle with a given 
straight line. 




E ■ ■.. X 
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Let AB be the given straight line; G the given point; 
7i, k, its co-ordinates ; /3 the given angle. Let the equation 
to AB be 

7/ = mx + c. 

Suppose CD and CE the two lines which can be drawn 
through G, each making an angle /3 with AB. Tlien 

tan GBX = tan {BAX + /3) 

m + tan y8 



1—m tan /3 ' 
tan GEX = - tan GEA = - tan (;S - BAX) 

m — tan 
1 + m tan (^ ' 

Hence the equation to GI) is 

, m + tan B , , , 

y — k— ; =i [x — li) ; 

^ 1 - m tan /8 ^ " 

and the equation to GE is 

, m — tan B , , . 

y — k = : 77 (a; — ft). 

^ 1 + m tan /S ^ ^ 

46. The following particular cases of the preceding results 
may be noted. 

(1) Suppose m = ; then the given line is parallel to the 
axis of X. The required equations then are 

y—h = tan /S {x — h), 

and y — h = — tan yS (cc — h). 

(2) Suppose m = 00 ; then the given line is parallel to the 
axis of y. And since 

^ a l+-tan/3 
w + tan p m 



l-,«tan^ i-tan/s' 



T. C. S. 
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we have when ?h = oo , and therefore — = 0, for the equation 

m 

to CD, 

y-^ = ~ t^ ^"^ - /O = - cot^ {x - h). 
Similarly the equation to CE becomes 
y — h = cot ^ {x — h). 

(3) Suppose m = tan /3, In this case the equation to CD 
becomes 

that is, y — h = tan 2/8 [x — h). 

The equation to CE becomes 

y-k = Q, 
so that CE is parallel to the axis of x. 

(4) Suppose m = cot jB. The equation to CD may be 
written in the form 

{y — h) (1 — m tan /S) = {m + tan /S) (a; — /<), 

. and we see that when m = cot /8 the left-hand side is zero ; 
thus the required equation is then 

X - A = 0. 

The equation to CE becomes 

, cot;8 — tau/S, 
y-lc= ^ "^{x-h) 

cos' /3 - sin^ /8 , ,, 
2 cos /S sm /S ^ 



= cot 2/3 (a; - A), 
tan /3. Th 
»/ - ^' = 0, 



(5) Suppose m = - tan/3. Then the equation to CD 
becomes 
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and the equation to CJE becomes 

, -2tan/3 , 

= -tan2/3{x-h). 

(6) Suppose m=- cot /3. Then the equation to CD 
becomes 

, tan yS — cot /3 , 

= - cot 2/3 (a; -A). 

The equation to CE may be written in the form 

(y - ^) (1 + m tan /3) = (m - tan j8) (a; - A), 

and we see that when m = — cot /3 the left-hand member is 
zero ; thus the required equation is then 

X - A = 0. 

(7) Suppose /S = - . The equation to CD may be written 

mcot/3 + 1 
^ ^- cot;8-m ^^ ^*^- 

When /3 = - we have cot /8 = ; thus the equation becomes 

i/ — k = (x — h). 

Similarly the equation to GE takes the same form ; and thus 
the result agrees with that of Art. 44. 

We have discussed these particular cases as an example of 
the manner in which the student should test his comprehen- 
sion of the subject by applying the general formulae to special 
examples. He will find it useful to illustrate these cases by 
figui-es. 

3—2 
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LENGTH OF A PEEPENDICULAE. 



47. To find the length of the perpendicular drawn from a 
given point upon a given straight line. 




Let AB be the given straight line ; D the given point ; 
h, h, its co-ordinates. Let the equation to AB be 

y = mx + c (1) . 

The equation to the line through J) perpendicular to AB 
is, by Art. 44, 

y-k^-]^{x-h) (2). 

Let Xj, y„ be the co-ordinates of -E*; then, by Art. 9, 

DE^^{x,-hr-r{y,-hr (3). 

It remains then to substitute for x^ and y^ their values in 
(3) . Now, since a;^, y^, are the co-ordinates of E, which is 
the point where (I) and (2) meet, we have 

y^ = mx^ + c, and y^ — h = (x^ — h); 

.'. mx^ + c = i {x, — h); 

_ rnk -\-h — mG 
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mlc — n^h — mc 



and x, — h- 



l+m! 
m 



l + m'' 



{k — mh — c). 



Also ^^ = mx,+ c=^ ^^^. , 

J J m/i + c — h 

and yi-/^= 1 _L 2 ; 

l+m 

(^ — mA — cY 
~ l + m" 

Hence ^^^ i^-m^-c 

\/(l + «i ) 

The radical in the denominator may be taken with the posi- 
tive or negative sign, according as the numerator is positive 
or negative, so as to give for DE a positive value. 

We may also obtain the value of BE thus ; draw the ordi- 
nate Z)if meeting the line AB in H; then 

DE=DH&mDHE 

= DH cos HAM. 

Now OM=h; .-. HM=mh + c, and DM=k; 

.*. DH= h — mh — c. 

Also t&-a.HAM=m; .: cos HAM 
.: DE= 



V(l + rri') ' 
k — mh — G 
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48. To find the length of the line drawn from a given point 
in a given direction to rneet a given line. 

Let [h, k) be the given point; and suppose a line drawn 
from this point at an inclination a to the axis of x to meet 
the line 

Ax + Bg+C=0 (1). 

Let r be the required length; x^, y,, the co-ordinates of 
the point where the line drawn from {h, k) meets (1) ; then, 
bj Art. 27, 

x^ — h = rcosa, y^ — 1c = rsva.a. (2). 

But (ajj, y^ is on (1), 

.-. ^ (A + r cos a) + ^ (yt + r sin a) + C= ; 

Ah + Bk+G 



r = ■ 



A cos a. + £ sin a ' 



49. In this chapter we have used equations of the form 
y = mx + c to represent straight lines. The student may 
exercise himself by solving the problems by means of the 
more symmetrical forms of the equation to a straight line, 

Ax-^By^- (7=0, 

-+f-l = 0, 
a b 

a; cos a + ?/ sin a — ^ = 0. 

The results of course can be easily compared with those we 
have obtained. For example, if in Art. 47 we represent the 
given line by the equation 

Ax-{-By^ (7 = 0, 

the result obtained should coincide with the value of 

k — mh — c 

A C 

when for m we write — -^ and — -^ for c ; that is, the result 

must be 

Ah+Bk+C 

'^{A' + B') • 
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Similarly, if the given line be represented by 

X cos a + y sin a — ^ = 0, 

we shall find for the perpendicular on it from (A, 7c) 

± {h cos a + i sin a —p). 

Thus if the equation to a line be in the form 

x cos a + ?/ sin a —p = 0, 

the length of the perpendicular drawn from a point on this 
line is the numerical value of the expression on the left-hand 
side of this equation, when for x and y are substituted the co- 
ordinates of the given point. This result is of such great im- 
portance that we shall proceed to examine it more closely. 

50. We may however previously observe that if the equa- 
tion to a line be given in any form, we can immediately trans- 
form it so that it may be expressed in terms of the length of 
the perpendicular from the origin and the inclination of this 
perpendicular to the axis of x. For example, suppose the 
equation to be 

2a! + 3y + 4 = 0. 

Change the sign of every term so that the last term may he 
negative; thus the equation becomes 

-2x-Sy-i = 0. 

Divideby V(2'H-3'''); thus 

_ 2a; _ 3y 4_ _ 

~V13 Vl3 V13~ ' 

This is of the form 

a; cos a + jr sin a —p = 0, 

andcosa = -;^, sina=--^, p = ^. 

Stt 
' In this example a is an angle lying between tt and — . 
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Any other example may be treated in a similar manner — ■ 
the. rule being the following. Collect the terms on one side, 
and if necessary, change the signs so that the equation may 
be in the form Ax+By- (7 = 0, where C is positive ; then 
divide by >J{A^ + B^} ; thus the equation becomes 

'- , ^y ^ =0- 



this is of the required form, and 

A . B G 

Thus every equation representing a straight line may be 
brought to the form 

X cos a + y sin a — ^ = 

where p is a positive quantity, unless the line passes through 
the origin, and then p = 0. 

When we use the equation 

a; cos a + «/ sin a —j> = 
■we shall always suppose p positive. 

51. The line whose equation is 

X cOs a. + y sin a —p> = 

might be called " the line («, a)," since the constants^ and a 
determine the line ; but when there is no risk of confounding 
it with another line, it may be more shortly called " the line 
a," and the equation may be expressed shortly, thus, " a = 0." 

We shall now give another investigation of the expression 
for the perpendicular from a given point on the line {p, a). 

Let AB represent the line {p, a), the origin, P the 
point {x, y), so that P and are on opposite sides oi AB. 
Draw Q, PZ, perpendicular to AB, and PM parallel to Y; 
through M draw a line parallel to AB, meeting Q and PZ, 
produced if necessary, in Q' and Z' respectively. 
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Then OQ = OMGosa. = xco&oi.; PZ' = PMsma=^ sina; 
PZ= OQ' + PZ' — (9 = 03 cos a + y sin a —p. 
Y 




If P and be on the same side of AB we shall obtain for 
the perpendicular 

p — x cos a — y sin a. 

It will be found that these results will hold for all varieties 
of the figure. 

52. Or we may proceed as follows. 

Let X cos a + y sina— j? = (1) 

be the equation to a straight line, and let x, y be the co- 
ordinates of the point from which a perpendicular is drawn 
upon the line ; it is required to find the length of this per- 
pendicular. The equation to any line which is parallel to (1) 
and on the same side of the origin, may be written thus 

X cos a. + y sin a.—p' = () ('2) 

where p is the perpendicular irom the origin upon this line. 
If this line pass through the point [x', y') , we must have 

x' cos a + y sin a —p = ; 
.•. p' = x cos oL + y sin a. 

The length of the perpendicular from («', y') on (I) will be 
P —p if the point and the origin are on different sides of the 
line, and^ —p if they are on the same side ; that is, 

x' cos a + y' sin a ~p 
in the former case, and in the latter case 
J? — x' cos a — y' sin a. 
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If the line parallel to (1) be on the opposite side of the 
origin, its equation will be 

X cos (tt + a) + ?/ sin {ir +<x) —p = 0, 

where p is the length of the perpendicular from the origin 
upon it. If this line pass through the point {x , y) we 
must have 

X cos a + y' sin a +p' — ; 
.•. p' = — x' cos OL — y' sin a. 

The length of the perpendicular from {x, y') on (1) will be 
the sum oip' and^, that is, 

p — x' cos a—y' sin a. 

We may now siippress the accents on x and y, and we have 
the same conclusion as before. 

53. Thus the perpendicular from the point (a;, y) on the 
line 

X cos a + ?/ sin a — p = 

is X cos a + y sin a—p, ox p — x cos a—y sin a, 

according as the point («, y) and the origin are on different 
sides of the line or on the same side of it. 

The student will perceive that we speak here of the point 
{x, y) and the line x cos a+y sin a —p = 0, and that we use 
the same symbols x, y, in speaking of the point and of the 
line. But we do not mean that the point [x, y) is to be on 
the line, that is, we do not mean the x and y which are co- 
ordinates of the point (a;, y) to have the same values as they 
have for any point in the line x cos a+y sin a —p = 0. We 
might use x', y', as co-ordinates of the point to prevent con- 
fusion, but it is found convenient to adopt the notation here 
used, as the advantages more than compensate for the in- 
creased attention which is required from the student in dis- 
tinguishing the different meanings of the symbols. 

54. We have in Art. 51 left the student to convince him- 
self by drawing the figures in different ways, that the per- 
pendicular from the point {x, y) on the line {p, a) is akcays 

± (xcos oL + y sin a —p), 
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the upper or lower sign being taken according as (x, y) and 
the origin are on different sides, or on the same side of the 
line {p, a). We nxay also arrive at the result imperfectly, 
thus. We may first prove, as in Art. 47, that the perpendi- 
cular must always be equal to one of the two expressions 

+ {x cos a + y sin a —p), 

and may then proceed to distinguish the cases. Now the 
expression x cos a + y sin a —p ia negative when the point 
{x, y) is the origin, because it becomes then —p ; also it 
cannot change its sign so long as [x, y) is taken on the same 
side of the line as the origin hecause it cannot cliange its sign 
without parsing through the value zero, and it cannot vanish 
until the point [x, y) is on the line. Hence the expression 
remains negative so long as {x, y) is oh the same side of the 
line as the origin. Similarly, if the expression is positive 
when the point (x, y) has any one position on the other side 
of the line, it will continue positive so long as [x, y) is on 
that side of the line ; and it may be easily shewn that the 
expression can be made positive by suitable values of x and 
y ; hence it is always positive while {x, y) is on the opposite 
side from the origin. • We call this an imperfect method, 
because the sentence in italics on which it depends, has pro- 
bably not sufficiently attracted the student's attention up to 
this period of his studies to produce perfect conviction. 

55. If the equation to a line be a; cos a + y sin a = 0, so 
that p = Q, we shall still have + (a; cos a + y sin a) as the 
length of the perpendicular from the point {x, y) on it. We 
may discriminate as follows, let the equation be so written 
that the coefficient oi y is positive; then for points on the 
same side of the line as the positive part of the axis of y, the 
perpendicular is a? cos a -F y sin a ; for points on the other side 
it is — (a; cos a + y sin a). This is easily shewn by comparing 
a few figures, or as in Art. 54. 

Oblique Axes. 

56. The results in Arts. 32 — 40, hold whether the axes are 
rectangular or oblique ; in Art. 33, however, m must have 
that meaning which is required when the axes are oblique. 



44 



OBLIQUE AXES. 



To find the angle between two straight lines referred to 
ohlique axes. 

Let CO be the angle between the axes ; y = m^x + c, the 
equation to one line ; y = m^x + c^ the equation to the other. 
Let a.^ , a.^ , be the angles which these lines make with the axis 
of X ; and /3 the angle between them. 

By Art. 24 

TO, sin a> ^ m^ sin (o 



tan a, = -—-^ ; tan a^ = - 



1 + m^ cos &) ' " 1 + wij cos G) * 

m„ sin (o m, sin w 



TT ,„ i. o J. I \ 1 + m„ cos &) 1+w, cosft) 

-Hence tan p or tan (a^ — aj = ^ .^ ' 

1+ ™'™ ™ '-■ 



1 + »ij cos w) (1 + wij '^'^® ^) 
(m^ — mj sin « 



1 + (m, + m^ cos £0 + TOj»n.2 " 
Hence the condition that the lines may be at right angles is 
1 + (Wj + m^ cos o) + mjTOj = 0. 

57. 7b _^wc? <Ae length of the perpendicular drawn from a 
given point on a given straight line. 

We shall proceed as in the latter part of Art. 47; the 
student may also obtain the result by the method in the 
former part of that Article. 




Let AB be the given straight line ; B the given point ; 
h, k, its co-ordinates. 
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Let the equation to AB be 

y = mjx + c. 

Draw i)^ikf parallel to OY, and Z>^ perpendicular to AB; 
then 

DE=DHsmDHE. 

Now DH=DM-IIM=k-{mJi+c)=Jc-mh-c. 

Let BAX= a, then BHE or ^5"ilf =.w - a, 

T sin a / A i ^ < \ 

and^ — ; r = m, (Art. 24.) 

sin (w — a) ^ 

. , , sin a sin oa / a ^ ^ . \ 

.-. sm (ft) — a) = = ,,, , „ ; — jr ; (Art. 24) ; 

^ ' m V(l + 2m cos ft) + m ) ^ ' 

_ _ (k — mh — c) sin a 



V(l+2mcosft)+m^) " 

If a line be drawn from D to meet AB at an angle /3, its 
length will be DE cosec /3, and will therefore be known since 
BE is known. 

If the equation to a straight line be in the form given in 
Art. 26, namely 

X cos oL+y cos /3 —p = 0, 

the length of the perpendicular on it from the point [x, y), 
will be 

+ {x cos a + y cos /3 —p). 

This may be deduced from the preceding expression, or it 
may be obtained in the manner of Art. 51. 

Polar Co-ordinates. 

58. To find the polar equation to the straight line which 
passes through two given points. 

Let 9',, 6^, be the co-ordinates of one point; and r^, 6^, 
those of the other ; and suppose the equation to the line 

r cos {6 — a) =p, 
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that is, r cosO cos a. + r sm6 sina=^ (1). 

Since this line passes through the two points, we have 

o\ cos 6^ cos a + r, sin 6^ sin a.=p (2) , 

r^ cos 6^ cos a. + r^ sin 6^ sin a = J) (3). 

From (1) and (2) 

[r cos d — r^ cos 6 J cos a + (»• sin ^ — r^ sin 6^) sin a = . . . (4). 

From (2) and (3) 
(j-j cos dj^—r^ cos ^2) cos a + (r^ sin 6^ — r^ sin 6^ sin a = . . . (5) , 

r cos — r^ cos d^ r sin 6 — r, sin 6^ 
r^ cos 0^ — r^ cos Q^ t\ sin ^^ — r^ sin 0^ ' 

After reduction we obtain 

rr, sin (^^ - 6) + J-^r, sin {0^ - 0J + i\r sin (5 - ^j) = (6) . 

This equation has a simple geometrical interpretation ; for 
if we draw a figure and take for the origin, and A, B, P, for 
the points (»-j, 6^, [r^, 0.), {r, 0), respectively, we see that 
equation (6) is the expression of the fact that one of the tri- 
angles GAP, OBP, OAB, is equal in area to the sum of the 
other two. 

59. We have seen that a straight line is the locus of an 
equation of the first degree ; as we proceed it will appear that 
if an equation be of a degree higher than the first, the cor- 
responding locus will be generally some curve ; we may notice 
here some exceptional cases. 

Suppose the equation 

a;'-4aa; + 4a' + y' = 

be proposed ; this equation may be ■mritten 

(x-2a)' + / = 0. 

Hence we see that the only solution is 

y = 0, x = 2a. 
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Thus the corresponding locus consists only of a single point 
on the axis of a; at a distance '2a from the origin. 

Again, suppose the equation to be 

No real values of x and y will satisfy this equation ; in this 
case then there is no corresponding locus, or as it is usually 
expressed, the locus is impossible. Thus, the locus corre- 
sponding to a given equation may reduce to a single point, or 
it may he impossible. 

60. We have seen that the equation to a single straight line 
is always of the Jirst degree; an equation of a higher degree 
than the first may however represent a locus consisting of two 
or more straight lines. For example, suppose 

f-x'^-o (1); 

••• y = x (2), or y=-a; (3). 

If the co-ordinates of a point satisfy either (2) or (3), they 
will satisfy (1) ; that is, every point which is comprised in 
the locus (2) is comprised in (1), and every point which is 
comprised in (3) is also comprised in (1). Hence (]) represents 
two straight lines which pass through the origin, and make 
respectively angles of 45° and 135° with the axis of x. 

61. An equation which only involves one of the variables, 
represents a series of lines parallel to one of the axes. Thus, 
if there be an equation f{x) = 0, we obtain by solving it a 

series of values for x, as x=a^ or x = a^, and each of 

these equations represents a line parallel to the axis of y. 
Similarly f{y) = represents a series of lines parallel to the 
axis of X. 



An equation of the form f(-] = represents a series of 
lines passing through the origin ; for by solving the equation 

If ff 2/ 

we obtain a series of values for - , as - = »ij, ^ = m^,.... and 
each of these equations represents a line passing through the 
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origin. Of course if an equation f{x)=0, /(y)=0, or 
/f^\=0 have no real roots, the corresponding locus is im- 
possible. 

The equation 

Aif + JBxi/ + Cx' = 
may be put in the form 

\xj X 

Since this "is a quadratic in - we obtain two values for it, 

suppose ^ = m, and - = m^ ; hence the equation generally 

represents two straight lines passing through the origin. If 
B' be less than iA G, then m^ and m^ are impossible, and the 
only solution of the given equation is a; = 0, 3/ = ; that is, 
the locus is a single point, namely, the origin. 

62. It is obvious that if the locus represented by an equa- 
tion f{x, y) =0 passes through the origin, the values x = 0, 
y = 6, must satisfy the equation. We can thus immediately 
determine by inspection whether a proposed locus passes 
through the origin or not. 

63. In Art. 39 we determined the co-ordinates of the point 
of intersection of two given straight lines : the proposition 
may be obviously generalised. Let f^ {x, y) = 0, f^ {x, y) = 0, 
represent two curves, then the co-ordinates of the points where 
they meet will be determined by solving these simultaneous 
equations. It may be shewn that if one equation be of the 
m* degree and the other of the w.*, the number of common 
points cannot exceed mn. Hymees's Theory of Equations, 
Art. 174. 

64. We will exemplify the articles of this chapter by ap- 
plying them to prove some properties of a triangle. 

The lines drawn from the angles of a triangle to the middle 
points of the opposite sides meet in a point. 

Let ABG be a triangle, D, E, F, the middle points of the 
sides ; take A for the origin, AB for the direction of the axis 



PEOPEKTIES OF A TIUANGLE. 



49 



of X, and a line through A perpendicular to AB for the axis 
ofy. Let AB = a, and let x', y , be the co-ordinates of G. 




Since B is the middle point of GB, the abscissa of B is 
\ {x' + a) and its ordinate '^ (Art. 10) ; since E is the middle 
point of ^ (7, the abscissa oi Bis — and its ordinate ^ ; since 
F is the middle point of AB its abscissa is - and its ordinate 
zero. Hence by Art. 35, 

the equation to AB is y 



X + a 



the equation to BB is y = ~, — ~ . . . . > 



ii i- i /17-T • V i^x — a) 
the equation to Gjc is w = ■-- — ; . 



.(1); 
•(2); 



,(3). 



To find the point of intersection of (2) and (3) Vre. put 

y'{x — a) _ y (2a; — a) 
X — 2a 2a;' — a ' 

.-. (x - a) (2a;' - a) = (2a; - a) {x - 2a) ; 

.*. 3aa; = a[x' + a) ; 

.'. x = ^{x' + a). 

Substitute this value of x in (2) and we find 



y = 



y 



T. c. S. 
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We have thus determined the co-ordinates of the point of 
intersection of (2) and (3) ; moreover we see that these values 
satisfy (1) ; hence the line represented by (1) passes through 
the intersection of the lines represented hy (2) and (3), which 
proves the proposition. 

The lines drawn from the angles of a triangle perpendicular 
to the opposite sides ineet in a point. 

The equation to BC is, (Art. 35), 

y = —r- — {x — a); 

hence the equation to the line through A perpendicular to 
^Cis, (Art. 44), 

y = — ^^ (*)• 

The equation to j4 C is 

y' 

y=^-,x- 

hence the equation to the line through B perpendicular to 

^Cis 

2/ = -^(a'-a) (5). 

The line through G perpendicular to AB will he parallel to 
the axis of y, and its equation will be, (Art. 15), 

x = x' (6). 

Now at the point of intersection of (5) and (6) we have 

x = x, y = ;(«— a); 

and as these values satisfy (4), the line represented by (4) 
passes through the intersection of the lines represented iDy 
(5) and (6). 

The lines drawn through the middle points of the sides of 
a triangle respectively perpendicular to those sides meet in 
a point. 
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The equation to the line through D perpendicular to BG\% 
y' x' — af a + x'\ 

^-1 = -^^-- T-j (^)- 

The equation to the line through E perpendicular to OA is 
y' _ X ( x' 



y-% = -y\^-2) W- 

The equation to the line through F perpendicular to AB is 

- = | W- 

Now at the point of intersection of (8) and (9) we hare 

_a _y' a; fa x\ 
''~2' y~2~y'\^~l)' 

these values satisfy (7) ; hence the lines represented by (7), 
(8), and (9), meet in a point. 

Let us denote by P the point of intersection of the three 
lines in the first proposition, by Q the point of intersection of 
the three lines in the second proposition, and by R the point 
of intersection of the three lines in the third proposition ; we 
will now prove that P, Q, and R, lie in one straight line. 
The co-ordinates 

of Pare x = ^{x' + a), y = \; 

of Q are x = x', y = —; (a — x') ; 

ofPare a; = -, y = \ ^^. 

Hence the equation to the line passing through P and Q is 

y-i-^^h'^) (■«)• 

4—21 
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In this equation put x = - , then 

x I ,, y' 
, -r(a — x)—^, 

^ 3 \{^x-a) V6 a 

= -i|^(«-^)-3-j. 

. „ xJfi-OD) y y 
■■y^ 2^^+3 + 6 

y X {a — x) 

Hence the point R is on the line represented ty (10), for the 
co-ordinates of i? satisfy (10). 



EXAMPLES. 

1. Find the equations to the lines which pass through 
the following pairs of points : 

(1) (0, 1), and (1,-1). 

(2) (2, 3), and (2, 4). 

(3) (1, 1), and (-2,-2). 

(4) (0, -a), and (0, -J). 

2. Find the equations to the lines which pass through the 
point (4, 4) and are inclined at an angle of 45" to the line 
y = 2x. 

3. Find the equations to the lines which pass through the 
point (0, 1), and are inclined at an angle of 30° to the line 
y + x = 2. 

4. Find the equations to the lines which pass through 
the origin and are inclined at an angle of 45" to the line 
a; = 2, 
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5. Find tlie equations to the lines which pass through 
the origin and are inclined at an angle of 60° to the line 

6. Find the angle hetween the lines a;+^ = l, y = x + 2 ; 
also find the co-ordinates of the point of intersection. 

7. Find the angle between the lines a; + y a/3 = and 
x-y'/3 = '2. 

8. What is the angle hetween a; + 3?/ = 1 and a; — 2y = 1 ? 

9. Find the equations to the lines passing through a 
given point in the axis of x, and making an angle of 45° 
with the axis of x. 

10. Find the equation to the line which passes through 
the origin and is perpendicular to the line x + y = 2. 

11. Find the perpendicular distance of the point (1, — 2) 
from the line x+y — 3 = 0. 

12. Find the length of the perpendicular from the point 
(a, h) on the line - + f = 1. 

13. Find the co-ordinates of the point of intersection of 

the lines - + -^^ = 1 and ,- -|- - = 1. 
a a 

14. Find the equation to the line which passes through 
the point (a, h), and through the intersection of the lines 

a b a 

15. Shew what loci are represented by the equations 

(1) a;^ + y = 0, (2) a;=-y = 0, 

(3) x^-\-xy = 0, (4) xy = 0, 

(5) a;= + / + a= = 0, (6) x{y-a) = 0. 
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16. Interpret 

(1) {x-a){y-h)=0, 

(2) (x-ar+(j/-&r = 0, 

(3) {x-y + af+{x+y-ay = Q. 

17. What straight lines are represented by the equation 

y'-4a;j/ + 3a;'=0? 

18. Shew that 3/ - Sxy - 3x^ + 30a; - 27 = represents 
two straight lines at right angles to one another. 

19. Find the equations to the diagonals of the four-sided 
figure, the sides of which are represented hy the equations 

a; =4, 2/ = 5, y = x, y = 1x. 

20. ABCDEF is a regular hexagon; take A for the 
origin, AB as axis of x, and a line through A perpendicular 
to AB as axis of y; find the equations to all the lines joining 
the angular points of the hexagon. 

21. Given the co-ordinates of the angular points of a 
triangle, find the equation to the line which joins the middle 
points of two sides. 

22. Find the tangent of the angle between the lines 

y — mx = and my + a; = 0, 
when referred to oblique axes. 

23. Shew that whether the axes be rectangular or oblique 
the lines y + x = (i and y — x = are at right angles. 

24. Griven the lengths of two sides of a parallelogram and 
the angle between them, write down the equations to the 
two diagonals and find the angle between them ; taking one 
of the corners as origin, and the two sides which meet in that 
corner as axes. 

25. In the figure to Art. 76, take BA. and BG as the axes 
of a; andy; suppose ifJ. = a, BC=c; and let h, k, be the 
co-ordinates of D] then form the equations to AG, BD, 
AD, GD. 
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26. _ With the notation of the preceding question, find the 
co-ordinates of the middle point o{ AC and those of the 
middle point oiBD, and form the equation to the line passing 
through these two points. 

27. With the same notation find the co-ordinates of the 
middle point of EF, and thus shew that this point lies on 
the line joining the middle points oi AC and BD. 

28. If — I- r = Ij and —; + ~^ = l, he the equations to two 

a a ^ 

lines, which with the co-ordinate axes (rectangular or ob- 
lique) contain equal areas, and x, y , he the co-ordinates of 
the point of their intersection ; shew that 

x' a —a' 

29. What points on the axis of sb are at a perpendicular 

distance a from the line - + r = 1 ? 
a 

30. Form the equation for determining the abscissa of a 

point, in the straight line of which the equation is - +^ = 1, 

whose distance from a given point (a, /3) shall be equal to a 
given line c. Shew that there are in general two such points, 
and in the particular case in which those points coincide 

c^ {a^ + i'') = {a^ + la.^ ab)\ 

31. Find the tangent of the angle between the two lines 
represented by the equation 

Ay^ + Bxy+ Cx' = 0. 

32. Find the points of intersection of the straight lines 
x + 2y — 5=0, 2x + y — 7 =0, and y — x — l = 0; and shew 

3 
that the area of the triangle formed by them is - . 

33. The area of the triangle formed by the straight lines 

y = x tan a, y = x tan /3, y = x tan 7 + c, 
c" sin (a — /8) cos" 7 



is 



2 sin (a — 7) sin (/3 - 7) ' 
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34. Given the equations to two parallel straight lines, 
find the distance between them. 

35. Determine the angle between the lines 

- = 4 cos + 3 sin ^, - = 3 cos ^ — 4 sin 9. 
r r 

36. Interpret F{6)=Q; for example, sin 3^ = 0. 

37. If the axes he inclined at an angle a, the condition 
that the lines 

Ax + Bij+G=0, A'x + B'y+ C' = 0, 

may he equally inclined to the axis of x in opposite direc- 
tions is 

B B' „ 

^ + -^j = 2 cos 6>. 

38. In the preceding question, if besides being equally 
inclined to the axis of x the lines pass through the origin 
and are perpendicular to one another, the equation to the 

straight lines is 

x" + 2x1/ cos « + ?/' cos 2to = 0. 

39. Two parallel lines are drawn at an inclination 6 to 
the axis of x through the two points whose co-ordinates are 
a, b, and a, V ; shew that the distance between these lines 
is (Z>' — V) cos 6 — [a — a) sin 6. Hence determine the rect- 
angle whose sides pass through four given points, and whose 
area is given. 

40. A square is moved so as always to have the two 
extremities of one of its diagonals upon two fixed lines at 
right angles to each other in the plane of the square ; shew 
that the extremities of the other diagonals will at the same 
time move upon two other fixed straight lines at right angles 
to each other. 

41. AB and BG are two lines perpendicular to each 
other, ^ is a fixed point, B moves along a given right 
line, and AB to BG is a given ratio; determine the locus 

of a 
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42. OX and Y are fixed lines meeting in any angle ; 
a line of given length slides along OX, and another line 
of given length slides along Y. Find the locus of a point 
which is so taken that the sum of the areas formed hy joining 
it to the ends of the moving lines is constant. 

43. Shew that the lines FG, KB, AL, in the figure to 
Euclid I. 47, meet in a point. 

44. If upon the sides of a triangle as diagonals, paral- 
lelograms be described, having their sides parallel to two 
given lines, the other diagonals of the parallelograms will 
meet in a point. 

45. If from a fixed point a straight line be drawn 
0^^ CD... meeting in A, B, G,D,... any given fixed straight 
lines in one plane, and if 

_1__J_ 1_ J^ 
0X~ OA OB^ OC^'" 
X being a point in OA, the locus of X is a straight line. 

46. Shew that the area of the triangle contained by the 
axis of y and the lines 



IS 



2 (m, - m^) ' 



47. Determine the area of the triangle contained by the 
lines 

y = m,a; + Cj, y = 'm^x + c^, y = m,^x + c^. 

48. The area of the triangle formed by the three straight 
lines 

Jc I ac ah 

y = ax-—, y = ox- — , y = cx-~, 



IS 



(a —&)(& — c) (c — a) 
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CHAPTEE IV. 

STltAIGHT LINE CONTINUED. 

65. We have seen that each of the equations 

Ax + By+C==(i, A'x + B'y+G' = 0, 

represents a straight line. We will now interpret the equa- 
tion 

Ax + By+G + \{A:x+B'y+C')=0 (1), 

where X is some constant quantity. 

I. Equation (1) must represent some straight line, because 
it is of the first degree in the yariables x, y. (Art. 16.) 

II. The line represented by (1) passes through the inter- 
section of the lines 

Ax +By + G ^0 (2), 

Ax + Fy+ G' = (3). 

For the values of x and y which satisfy simultaneously (2) 
and (3) will obviously satisfy (1) ; that is, the point in which 
(2) and (3) intersect lies on (1). 

III. By giving a suitable value to the constant \ the 
equation (1) maybe made to represent any straight line which 
passes through the intersection of (2) and (3). 

For let x^,y^, denote the co-ordinates of the point of inter- 
section of (2) and (3) ; suppose any line drawn through this 
point and let x,^, y^, be the co-ordinates of another point in it. 
Now we have already shewn in II. that the line (1) passes 
through {x^,y^; we have therefore only to prove that by 
giving a suitable value to X the line (1) can be made to pass 
through {x^, y^, because two straight lines which have two 
common points must coincide. Substitute x^, y^, for x and y 
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respectively in (1), and determine X so as to satisfy the equa- 
tion. Thus 

Ax, +By,^G 
Ax, + B'y,+ G'- 

Now use this value of \ in (1) ; then the equation 

represents a straight line passing through [x^, yj and [x^, y^. 

We have thus proved that by giving a suitable value to \, 
the equation (1) will represent any straight line passing 
through the intersection of (2) and (3). 

66. The preceding article is very iniportant, and com- 
monly presents difficulties to beginners. The student should 
not leave it until he is thoroughly familiar with the three 
propositions which are contained in it. The first proposition 
is obvious. To prove the second proposition the student may, 
if he pleases, actually find the values of x and y which satisfy 
simultaneously Ax + By + = 0, and A'x + B'y + 0' = 0, 
and convince himself, by substituting these values, that they 
do satisfy Ax+By+ G + X {A'x + B'y + G') = 0. There is, 
however, no necessity for solving the first equations, because 
it is evident that values of x and y which make Ax +By+C 
and A'x + B'y + G' vanish simultaneously must make 
Ax +By+ G + X {A'x + B'y + C) vanish, Tjecause they make 
each of the two members of the expression vanish. The third 
proposition of the preceding article is usually the most dif- 
ficult — the student is apt to think it needs no demonstration. 
It may be obvious, however, that by giving different values 
to X, difierent lines are represented, and that we can thus 
obtain as many lines as we please, but this does not shew 
that we can by a suitable value of X in (1) represent any 
line passing through the intersection of (2) and (3). 

For example, if the sti-aight lines (2) and (3) be DSE and 
F8G respectively, it might have happened that all the lines 
represented by (1) fell within the angle F8D and none 
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within F8E. It requires to be proved then that by giving to 
X a suitable value in (1) we can obtain the equation to any 



line through S. 

67. It is often convenient to denote by a single symbol 
the expression which we equate to zero in our investigations 
in this subject; for example, in Art. 51 we have used the 
symbol a as an abbreviation for a; cos a + 3/ sin a —^. In 
like manner we may denote such expressions as Ax + By + G, 

y — mx — c, - + ^-1,... by single symbols, as u,v,...u,... 

Now it will be seen that the demonstration in Art. 65 applies 
to any form of the equation to a straight line as well as to 
the form Ax + JBy + G = which we have used. Hence the 
result may be enunciated thus : — if if = and t) = Jje the 
equations to two straight lines, and X a constant quantity, 
the equation m + X?; = will represent a straight line passing 
through the intersection of the two lines ; and by giving a 
suitable value to X, the equation will represent any straight 
line passing through the intersection of the two lines. 

68. If M = and w = be the equations to two straight 
lines, then as we have shewn, u+\v = will represent a 
straight line passing through their intersection ; it is sometimes 
convenient to use the more symmetrical form lu + mv = 0, 
where I and m are both constants. It is obvious that what has 
been said respecting the first form applies to the second ; in 

fact the second is deducible from the first by writing y for X. 

It must be remembered throughout this chapter that I, m, 
n,... X,... are constants, though for shortness we may omit to 
state it specially in every article. 
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69. Similarly if m = 0, v = 0, m = 0, be the equations to 
three straight lines, and I, m, n, be constants, the equation 

lu + mv + nw = 

will represent a straight line. Moreover, by giving suitable 
values to I, m, n, we may make this equation represent any 
straight line whatsoever. For suppose we wish this equation 
to represent the straight line passing through [x^, y,) and 
(*2' ^2)- -L^* '"11 ■"!' *"!> denote the values of u, v, w, respect- 
ively when we put x^ for x and y^ for y; and let u^, v^, w^, 
be the respective values when x^ and y^ are put for x and y 

respectively. Then determine the values of y and -^ from 



the equations 


Zmj + mv, + WW, • 


= 0, 




lu^ + mv^ + nw^ 


= 0; 


suppose we thus find 






m \L n 


V 


substitute these values in the equation 




m n 


-.0, 


and we obtain 










■ 0, 


or 


\u + fiv -\- vw = 


0, 



which represents the line passing through the points («„ y^) 
and (Xj, y^). We suppose in this article that m = 0, v = 0, 
w = 0, represent different lines ; and the demonstration fails 
if the lines all meet in a point, or are all parallel. When the 
lines represented by m = 0, v = 0, w = meet in a point, then 
the equation 

lu + mv + nw = 

represents a line which necessarily passes through this point; 
the equation therefore will not, in this case, represent any 
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straight line. And when the lines represented, by m = 0, 
v = 0, w = are parallel, the equation 

lu + Tiiv + nw = 

represents a line which is -parallel to the three given lines ; 
the equation therefore will not, in this case, represent any 
straight line. 

70. Let a = 0, /8 = 0, be the equations to two lines ex- 
pressed in terms of the perpendiculars from the origin and 
their inclinations to the axis of a; (see Art. 50), so that a is an 
abbreviation for x cos a + 3/ sin a —])^ , and /3 is an abbre- 
viation for X cos /3 + 1/ sin /8 —p^ ; we proceed to shew the 
meaning of the equations a — yS = and a + yS = 0. 



Let 



8A be the line a = 0, 
SB /3 = 0; 




let 8C bisect the angle A SB, and SD bisect the supplement 
oi ASB; the angle DSC is therefore a right angle. Take 
any point P in 8G and draw the perpendiculars PM, PN, on 
SA, SB, respectively. If x, y, be the co-ordinates of P, the 
length of PM is a by Art. 54, and the length of PN is /8. 
Since SO bisects the angle ASB, PM=:PN; therefore for 
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any point in SC we have /3 = a ; that is, the equation to 
-8(7 is 

Similarly, the equation to 81) is 
a = -/8. 

Thus a — /S = and a + /3 = represent the two lines which 
pass through the intersection of a = and /3 = and bisect 
the angles formed by these lines. 

71. The student must distinguish between the lines 
a — /3 = and a + /3 = ; the following rule may be used : 
the two lines a = 0, /3 = 0, will divide the plane in which they 
lie into four compartments ; ascertain in which of these com- 
partments the origin of co-ordinates is situated ; a — jS = 
bisects that angle between a = and ;8 = in which the 
origin of co-ordinates lies. This is obvious from the investi- 
gation in the preceding article and the remarks in Arts. 
53, 54. 

The equation a + Xj8 = represents a line such that \ is 
numerically equal to the ratio of the perpendicular from any 
point of it on a = to the perpendicular on ^8 = 0. If \ is 
positive the line a + Xy8 = lies in the same two of the four 
compartments just alluded to as the line a + /S = ; if \ be 
negative the Ime a + Xy8 = lies in the same two compart- 
ments as the line a — ;S = 0. From the figure to Art. 70, 
we see that PM= FS sin F8M and PN= FS sin FSN; hence 

^ or T=nr? = -: — 7T77T-T ', that is, \ expresses the ratio of the sine 
FN smFSN' ^ 

of the angle between a = and a + X/3 = to the sine of the 

angle between j8 = and a + X)8 = 0. 

72. "We shall continue to express the equation to a straight 
line by the abbreviation a = when the equation is of the 
form a; cos a + y sin a —j) = ; when we do not wish to re- 
strict ourselves to this form, we shall use such notation as 
M = 0, v = 0, u' = 0, 

Let M = 0, w = 0, be the equations to two lines, the axes 
being rectangular or oblique; then m — \w = and m + \v = 
represent two lines passmg through the intersection of the 
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first two. Suppose, as in Art. 70, that SA, SB, are the first 
two lines and SO, 8D, the second two ; then will 

sin C8A _ sin BSA 
sin C SB ~ sin J) SB' 

For ty Art. 57 it appears that if p be the perpendicular 
from a point {x, y) on the line m = 0, then jp = fiu, where fi is 
a constant quantity; similarly if p' denote the perpendicular 
from the same point on i; = 0, then j?' = fi'v, where /a' is a con- 
stant quantity. Hence the equation u — Xv = 0,oi- ^ = 

shews that n = -^; thus we see that numerically without 
regard to algebraical sign 

sin C8A _ X/j, 
sin CSB~y 

_,..,, sin BSA X/j, 

Similarly, ^^mS^y'' 

sin CSA _ sin BSA 
■'• sin CSB ~ sin BSB ' 

73. We will apply the principles of the preceding articles 
to some examples. 

Let a = 0, iS = 0, 7 = 0, be the equations to three lines 
which meet and form a triangle, and suppose the origin of 
co-ordinates within the triangle; then the equations to the 
three lines bisecting the interior angles of the triangle are, 
by Art. 70, 

/3-7 = 0...(l); 7-a = 0...(2); a-^ = 0...(3). 

These three lines meet in a point; for it is obvious that 
the values of x and y which simultaneously satisfy (1) and 
(2) will also satisfy (3). 

Agaia the equations to the three lines which pass through 
the angles of the triangle and bisect the angles supplemental 
to those of the triangle are 

/3 + 7 = 0...(4); 7 + a = 0...(5); a + /3 = 0...(6). 
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It is obvious that (3), (4), and (5), meet in a point; simi- 
larly (5), (6), and (1), meet in a point; so likewise (4), (6), 
and (2), meet in a point. 

In all om- propositions and examples of this kind, we shall 
always suppose the origin of co-ordinates within the triangle, 
unless the contrary he stated. 

74. If a = 0, /3 = 0, 7 = be the equations to three lines 
which form a triangle, then any line may be represented by 
an equation of the form la. + m^ + M7 = ; for the exceptional 
cases noticed at the end of Art. 69, cannot occur here. 

Let a, h, c denote the lengths of the sides of the triangle 
which form parts of the lines a = 0, /S = 0, 7 = respectively. 
Take any point within the triangle and join it with the 
three angular points ; thus we obtain three triangles the areas 

of which are respectively — — > — ^ , and — - ■ Hence 

aa. + hj3 + cy = a constant ; 

the constant being in fact twice the area of the triangle taken 
negatively. 

This result holds obviously for any point within the triangle 
determined by a = 0, /3 = 0, 7 = 0. It will be found on ex- 
amining the different cases which arise that it is also true for 
any point without the triangle. Hence it is universally true. 

Suppose we require the equation to a line parallel to the line 
la + in^ + tvy = 0. 

This required equation may be wi'itten 

la + m/S + ny + h = 0, 

where ^ is a constant. (Art. 38.) 

Or, since aa + b^ + cj is a constant, the required equation 
may be written thus 

la + m^ +ny + k' {aa + 5/S + 07) = 0, 

where Jc is a constant. 

T. c. s. 5 
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75. The lines represented by the equations m = 0, t; = 0, 
TO = 0, will meet in a point, provided lu+ mv + nw is iden- 
tically = 0; I, m, n, being constants. For if lu + mv + nw = 
idemtically, we have 

lu + mv , 
w = always. 

Hence the equation w = may be written 
lu + mv _ 

Uj 

n 

that is, the line w = is a line passing through the inter- 
section of M = and -y = 0. 

76. The following example will furnish a good exercise 
in the subject. 




Let ABGD be a quadrilateral; draw the diagonals AG, 
BD ; produce BA and CD to meet in E, and AD and BC to 
meet in F; join JHF, forming what is called the third diagonal 
of the quadrilateral. Suppose 

M = 0, the equation to AB, (I), 

v=0, BC, (2), 

w = 0, CD, (3). 

We propose to express the equations to the other lines of 
the figure in terms of u, v, iv, and constant quantities. As- 
sume for the equation to BD 

lu — mv = Q (4), 
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and for the equation to CA 

mv — nw = (} (5). 

Tliese assumptions are legitimate, because (4) represents 
some line passing through B, "whatever be the values of the 
constants I and m ; by properly assuming these constants, we 
may therefore make (4) represent BD. Also (5) represents 
some line through C, and by giving a suitable value to n, we 
may make it represent CA. We may if we please suppose 
one of the three constants I, m, n, equal to unity, but for the 
sake of symmetry we will not make this supposition. The 
equation to AD is 

lu — mv + nw = (6) ; 

for (6) represents a line passing through the intersection of 
hi — mv = and w = 0, that is, a line through JD ; also (6) 
represents a line passing through tlie intersection of m = 
and mv — nw = 0, that is, a line through A. Hence (6) re- 
presents AD. The equation to EF is 

lu + nw = (7) ; 

for (7) obviously represents some line through E, and since 
lu + nw = lu — mv + nw + mv, (7) represents some line through 
F. Hence (7) represents EF. 

Let G be the intersection oi AC and 5Z>. The equation 
to EG is 

lu — nw — (8) ; 

for (8) represents a line passing through the intersection of 
(1) and (3), and also through the intersection of (4) and (5). 
The equation to FG is 

lu — 2mv + mo =0 (9) ; 

for (9) represents a line passing through the intersection of 
(4) and (5), and also through the intersection of (2) and (6). 

Suppose BD produced to meet EF in H, and A C and 
EF produced to meet in A'; then it may be shewn that the 
equation to 

AH is 2lu — mv + nw = 0, 
that to CH is mv + mo = 0, 
KB is lu + mv = 0, 

KD is lu — mv + 2nw =0. 

5—2 
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We have introduced this example, not on account of any 
importance in the results, tut as an exercise in forming the 
equations to lines. We proceed to another example. 

77. If there be two triangles such that the lines joining 
the corresponding angles meet in a point, then the intersec- 
tions of the corresponding sides lie in a straight line. 



O^t:"^'" 
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Let ABC be one triangle, A'B'C the other triangle; let 8 
be the point in which the lines AA', BB', CC, meet. Let 
the equation to BC be u = 0, to CA v = 0, and to AB w = 0. 
Assume for the equation to 

B'C I'u+mv +nw = (1), 

and to C'A' lu +m'v + nw = (2). 

It is shewn in Art. 69 that the equation to B'C may be 
written in the above form, and by the method of that article 
it may be shewn that by giving suitable values to the con- 
stants I, m, we may make (2) represent C'A'. We will now 
prove that the equation to A!B' may be written in the form 

lu-\-mv+nw = (3). 

The constant v! may be obviously determined, so as to 
make the line represented by (3) pass through A' ; let n be 
so determined ; it remains to shew that the line (3) will pass 
through B'. From (1) and (2) it follows that the equation 

{l'-l)u + {m-m)v = Q'. (4) 

represents some line through C ; but (4] obviously represents. 
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a line passing through the intersection oiBC and CA. Hence 
(4) is the equation to CC. 

Again, the line represented \>j (3) by supposition passes 
through A'; hence from (2) and (3) we see that 

{m —<m)v+ [n — n) w = (5) 

is the equation to AA'. 

The equation 

{r-l)u + {n-n')w^O (6) 

represents a line passing through the intersection oi £G and 
AB, that is, through B; and from (4) and (5) it follows that 
this line passes through the intersection of CC and AA', 
that is, through ^S*. Hence (6) is the equation to 8B. 

Now from (1) and (3) it follows that the lines represented 
by these .equations meet on the line (6), Hence (3) is the 
equation to A'B'. 

The required proposition now easily follows : for the line 
represented by 

lu + mv + nw=0 (7) 

passes through the intersection of BG andBC, of GA and 
G'A', and oi AB and A'B'; that is, these three intersections 
are in the same straight line. 

Conversely, if there be two triangles such that the inter- 
sections of the corresponding sides lie in a straight line, then 
the lines joining the corresponding angles meet in a point. 
To prove this we may begin with the equations to BG, GA, 
AB, B'G', G'A' as before, and assume (3) as the equation to 
smne line through A'. Then (7) will represent the line pass- 
ing through the intersection of BG and B'G', and of GA and 
G'A'; now (3) is the equation to a line passing through the 
(intersection of AB and (7); hence (3) must be the equation to 
A'B'. Then from the form of (1), (2), and (3), it follows im- 
mediately that GG' passes through the intersection of AA' 
BMdiBB. 

It may be shewn also that the equation to the line which 
passes through the intersection of AB and A' G', and of AG 
and A'B is 

lu + m'v + n'w = (8). 
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And tKe intersection of (8) with BG will lie on the line 

l'u + m'v + n'w = (9). 

Similarly the line joining the intersection oi BA and B' G' 
with the intersection of BG and B'A! will meet GA on (9). 
And also the line joining the intersection of GA and G'B' 
with the intersection of GB and G'A will meet AB on (9). 

78. The equation u + \v = Q represents a straight line 
passing through the intersection of the lines m = 0, v = 0. 
Hence if there be a series of straight lines the equations of 
which are all of the for'm u + 'Kv = 0, and differ merely in 
having different values of the constant X, all these lines pass 
through a point, namely, the intersection of m = and v = 0. 



EXAMPLES. 

1. Find the equation to the straight line passing through 
the origin and the point of intersection of the lines 

a a 

2. A, A', are two points on the axis of a3, and B, B', on 
that of y, at given distances from the origin ; AB and A'B' 
intersect in P, and AB' and A'B in Q ; find the equation to 
the straight line PQ, and shew that the axes are divided 
harmonically by it. 

3. If a = 0, /3 = 0, 7 = 0, be the equations to the sides 
of a triangle ABC opposite the angles A, B, G, prove that 
a sin J. — /3 sin jB = is the equation to the straight line 
bisecting AB from G. 

4. Prove by means of such equations as that given in the 
preceding question the first proposition in Art. 64. 

5. Shew that a cos ^ — ^ cos ^ = is the equation to the 
perpendicular from G on AB. 



EXAMPLES ON THE 8TEAimiT LINE. 71 

6. Hence prove the second proposition in Art. 64. 

7. If a, i, c, be the lengths of the sides of a triangle 
opposite the angles A, B, G, respectively, prove that 

a cos^-j8 cos5+- (sin 5 cos ^ - sin^ cosi3)=0 

is the equation to the line which bisects AB and is perpen- 
dicular to it. The equation may also be written 

/ a sin B sin G\ a ( r^ i sin G sin ^\ _ „ 

aH TT-- — -A cos^- \B-\- ■--. — Yi — cos 5 = 0. 

V 2sinJ. y V 2 sin 5 y 

8. Hence prove the third proposition in Art. 64. 

9. Interpret the equation aa + S/8 = 0. 

10. Shew that «a + 5/3 — 07 = is the equation to the line 
which joins the middle points of J. C and BG. 

11. Shew that 

a cos ^ + j8 cos 5 — 7 cos C = 

is the equation to the line which joins the feet of the perpen- 
diculars from Aovi.BG, and from B on AG. 

12. If lines be dra-wTi bisecting the angles of a triangle 
and the exterior angles formed by producing the sides, these 
lines will intersect in only four points besides the angles of 
the triangle. 

13. If M = 0, v = 0, w = 0, be the equations to three 
straight lines, find the equation to the line passing through 
the two points 

U V IV T u V _w ' 

I m n ' If/in' 

14. Find the equation to the straight line passing through 
the intersections of the pau-s of lines 

2«M + 5z) + cw = 0, 5m — cw = ; 

and 25m ■\-av^-cw=^0, av — cw = 0. 
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15. If a = 0, /3 = 0, 7 = be the equations to the sides of 
a triangle ABC, shew that the equation to the straight line 
which joins the centres of the inscribed circle and the circum- 
scribed circle is 

a (cos -S— cos G) 4-/8 (cos C — cos -4) +7 (cos ^4 — cos 5) = 0. 

16. If the equations to the sides of a triangle ABC be 
M = 0, v — 0, 10 = 0, and to the sides of a triangle A'B'C, 
u = a, v=h, 10 = c, then will AA', BB', and CO', meet in 
a point. 

17. If the lines AA', BB', CO', in the last question meet 
respectively the sides of the triangle ABC in D, E, F, shew 
that the intersections of i>^ and AB, EF and BC, FD and 
GA, will all lie in one straight line ; and that a similar pro- 
perty will hold for the intersections of the same lines with 
the sides of the triangle A'B' C 

18. In Art 76, suppose the line joining F and G 
to meet AB in P and CI} in Q; then find the equations 
to CP, DP, AQ, BQ, in terms of the notation of that 
article. 

19. From the middle points of the sides of a triangle 
perpendiculars are drawn (all internal or all external) and 
proportional to those sides ; prove that the straight lines 
which join the angles with the extremities af the opposite 
perpendiculars pass through one point. 

20. Let the three diagonals of a quadrilateral be produced 
to meet each other in three points, and let each of these 
points be joined with the two opposite comers of the quadri- 
lateral ; the six lines so drawn will meet each other three 
and three in four points. 

21. In the figure constructed in the precedimg question 
the four lines which meet each other in any corner of the 
quadrilateral are so related that two of them are parallel to 
the sides, and two to the diagonals of some parallelogram. 

22. Prove that the three points of intersection which are 
found in questions 4, 6, 8, lie on the straight line 

a smA COS A sin [B ~ G) +/3 sin5 cos^sin {G-A) 

+ 7 sin (7 cos G sin {A—B) = 0- 
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23. Let any point P be taken in the plane of the triangle 
ABC, and from the angular points A, B, 0, straight lines 
drawn through it cutting the opposite sides or the sides 
produced in a, b, c, respectively ; let BO, he, be produced 
to meet in a' ; GA and ecu in h' ; and AB and ah in c ; then 
shew that the points a, b', c, are in one straight line. 

Also prove that the straight lines Bb', Cc', and Aa, meet 
in one point ; so also Co', Aa', and Bh ; and Aa', Bb', and 
Gc. 
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CHAPTEE V. 

TEANSFOEMATION OF CO-OEDINATES. 

79. We have seen in the preceding articles that the 
general equation to a straight line is of the form y = mx + c, 
but that the equation takes more simple forms in particular 
cases. If the origin is on the line the equation becomes 
y = mx\ if the axis of a; coincides with the line, the equation 
becomes ?/ = 0. In a similar manner we shall see as we 
proceed that the equation to a curve often assumes a more 
or less simple form, according to the position of the origin 
and of the axes. It is consequently found convenient to 
introduce the propositions of the present chapter, which enable 
us when we know the co-ordinates of a point with respect to 
any origin and axes, to express the co-ordinates of the same 
point with respect to any other given origin and axes. It 
will be seen that these propositions might have been placed 
at the end of the first chapter, as they involve none of the 
results of the succeeding chapters. 

80. To change the origin of co-ordinates without changing 
the direction of the axes, the axes heing oblique or rectangular. 
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Let OX, OY, be the original axes; O'X', O'Y', the new 
axes ; so that O'X' is parallel to OX, and 0' Y' to Y. 
Let h, k, he the co-ordinates of 0' with respect to 0. Let P 
he any point ; x, y, its co-ordinates referred to the old axes ; 
X, y', its co-ordinates referred to the new fixes. 

Let Y'O' produced cut OZin A ; draw PJf parallel to OF 
meeting O'X' in N; then 

OA = h, AO' =h; 

X = 0M= AM+ OA = 0'N+ OA = x' + h, 

y = PM= PN+NM= PN + AO' = y' + Jc. 

Hence the old co-ordinates of P are expressed in terms of 
its new co-ordinates. 

81. To change the direction of the axes without changing 
the origin, both systems being rectangular. 
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Let OX, Y, be the old axes ; OA", Y', the new axes, 
both systems being rectangular ; let the angle XOX' = 6. 
Let P be any point ; x, y, its co-ordinates referred to the old 
axes ; x', y , its co-ordinates referred to the new axes. Draw 
PI/ parallel to OY, PM' parallel to OY, J/'iV" parallel to 
OY, and M'R parallel to OX. 

Then X = 0M=^ ON- MN= ON- M'R 

= OM' cos XOX' - PM' sin M'PB 

= x' cos d-y' sinO; 
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y = FM= BM+ PR = M'N+ PR 

= X sin Q-\-y' cos Q. 

I Hence tlie old co-ordinates of P are expressed in terms of 
its new co-ordinates. 

82. In tte preceding article d is measured from the posi- 
tive part of the axis of x towards the positive part of the axis 
of y ; therefore if in any example to which the formulse are 
applied, OX' fall on the other side of OX, 6 must be con- 
sidered negative. 

From the formulse of the preceding article, we see that 

x' + y' = x"' + y'^; 

this of course should be the case, since the distance OP is the 
same whichever system of axes we use. 

83. To change the direction of the axes' without changing 
the origin, both systems being oblique. 




X' 



Let OX, Y, be the old axes ; OX', Y', the new axes. 
Let [XY) denote the angle between OX, OY; and let a 
similar notation be used to express the other angles which 
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are formed by the lines meeting at 0. Let P be any point ; 
X, y, its co-ordinates referred to the old axes ; x', y, its co- 
ordinates referred to the new axes. Draw PM parallel to 
OY, and PM' parallel to OY'; from P and M' draw PL, 
JW'JV' perpendicular to OY; from M' draw M'R perpendicular 
to PL. Then 

x^OM, 3/ =: PM; 

x' = OM', y' = PM'. 

Now PL = perpendicular from ilf on OY =x sin {XY}, 

also PL = PL + PE = M'N + PR 

= OM' sin X' Y+ PM' sin Y'OY 

= x'&m{X'Y)+y'&m{Y'Y); 

.: a;sin(XF)=a;'sin(X'r)+ysin(r'F) (1). 

Similarly by drawing from P and M' perpendiculars on 
OX we may prove that 

y sin ( YX) = x' sin {X'X) + y' sin ( Y'X) (2). 

Equations (1) and (2) express the old co-ordinates of Pin 
terms of its new co-ordinates; (YX) and {XY) denote the 
same angle, but we use both expressions for greater sym- 
metry. 

Let X0X' = a, X0Y' = ^, XOY^co; then (l) and (2) 
become 

x sin CO — x' sin (ft) — a) -l-^/'sin (« — y8) (3), 

y sin ft) = «' sin a +y' sin/3 (4). 

84. Two particular eases of .the general proposition in the 
preceding article may be noticed. 

If the original axes are rectangular w = 77 , and the equa- 

tions (3) and (4) become 

jc = x' cos a -I- y' cos /3, 

y = x' sin a + y' sin 13. 
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If the new axes be rectangular /8 = — + a, and tlie equa- 
tions (3) and (4) become 

X sin (o = x sin (cb — a) — y' cos (&) — a), 
y sin u> = x sin a +y' cos a. 

85. Suppose we require to change both the origin and 
the direction of the axes ; let x, y, be the co-ordinates of a 
point referred to the old axes ; d , y', the co-ordinates of the 
same point referred to the new axes. By Arts. 80 and 83 
we have 

x = x^-\-h, 

where h and Ic are the co-ordinates of the new origin referred 
to the old axes, and 

_ x sin (cD — a) -1- y' sin (&) — /3) 

X, — : J 

' Sin ft) 

x' sin a + v' sin B 

w, = ^-^ . 

"^ sm CO 

The expressions for x^ and y^ will simplify when one or 
each of the systems is rectangular. (See Art. 84.) 

86. The formulas which connect the rectangular and polar 
co-ordinates of a point in the particular case in which the 
origin is the same in both systems, and the axis of x coincides 
with the initial line have already been given. (See Art. 8.) 
The following is the general proposition. 

To connect the polar and rectangular co-ordinates of a 
•point. 

Let OX, Y, be the rectangular axes ; let S be the pole 
and 8A the initial line. Let h, h, be the co-ordinates of 8 
referred to 0; draw 8X' parallel to OX, and let the angle 
A8X' = a. 
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Let P be any point ; x, y, its co-ordinates referred to the 
rectangular axes ; r, 6, its polar co-ordinates. Draw PM, 
80, pai-allel to OY, the former cutting SX' in N, and join 
SP; then 

X = OM, y = PM, 

r=SP, e = the angle PSA. 

And x=OG+CM=OG+ 8N 

= A -1- r cos (^ + a) (1), 

y = MN^PN=SG + PN 

= h + rBm{d + cn) (2). 

If a = we have 

x — h + rcos,d (3), 

y = h + r&md (4). 

87. By means of the formulas of the present chapter we 
shall sometimes be able to simplify the form of an equation ; 
for example, the axes being rectangular, suppose we have 

?/*+cc* + 6a:y=2 (1). 

This equation represents some locus, and by ascribing 
different Tallies to x and determining the corresponding 
values of y from the equation, we can find as many points 
of the locus as we please. The equation however will be 
simplified by turning the axes through an angle of 45°, In 

the formnlse of Art. 81 put - for 6] thus 
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X — y _ X + y' 



X ■■ 



y=-^ (2)- 



V2 ' ^" V2 

Substitute these values in (1) ; thus 

{x+yr+{x-yr+&{x'-y'J = 9,; 

.: 2 {x" + Gx'Y + yl + 6 {=0-' - y'r = 8, 
or x*+y'*=l (3). 

Since (3) is a simpler form than (1), we shall find it easier 
to trace the locus by using (3) and the new axes, than by 
using (1) and the old axes. The student must observe that 
we make no change in the locus by thus changing the axes 
or the origin to which we refer it; that is, equation (1) 
represents precisely the same assemblage of points as (3) ; 
for instance, the point for which af = l and y' = is obviously 
situated on the locus (3) ; now this point will by (2) have for 
its co-ordinates referred to the old system 

_ J_ _ J^ 

^"'V2' ^""V2' 

and these values satisfy (1), that is, tJiis point is on the 
locus (1). 

We may remark that we cannot alter the degree of an 
equation by transforming the co-ordinates. For if in the 
expression Aafy^ we substitute the values of x and y in terms 
of x' and y' given in Arts. 80 — 84, we obtain 

A {ax' + %' + hf [ex' + ey' + Jc)^ 

where a, h, c, e, h, Ic, are all constant quantities ; by expanding 
this expression we shall obtain a series of terms of the form 
Ax'^y'^, where 7 + S cannot be gi'eater than a + /8. Hence 
the degree of an equation cannot be raised by transformation 
of co-ordinates. Neither can it be depressed; for if from a 
given equation we could by transformation obtain one of a 
lower degree, then by retracing our steps we should be able 
from the second equation to obtain one of a higher degree, 
which has been proved to be impossible. 
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EXAMPLES. 

1. Change the equation r"^ = a^ cos Id into one between 
X and y. 

2. Shew that the equation i,ooy — 3x^ = c^ is changed into 
x' — 43/" = «^, if the axes be turned through an angle whose 
tangent is 2. 

3. Transform \/x + \/y = \[c so that the new axis of x 
may be inclined at 45" to the original axis. 

4. The equation to a curve referred to rectangular axes 
is if + 4a?/ cot a — iax = ; find its equation referred to 
oblique axes inclined at an angle a retaining the same axis 
of X. 

5. Shew that the equation tcy =«(«' + «/') will admit of 
solution with respect to y' if the axes be moved through an 
angle of 45". 

6. If X, y, be co-ordinates of a point referred to one system 
of oblique axes, and x, y', the co-ordinates of the same point 
referred to another system of oblique axes, and 

X = mx + ny\ y = m'x' + n'y', 

shew that 

m? + m!^ — 1 _ mm 
n^ + n'" — 1 nn 



T. C. S. 



( 82 ) 



CHAPTEE VI. 

THE CIECLE. 

88. We now proceed to tlie consideration of the loci 
represented by equations of the second degree ; the simplest 
of these is the circle with which we shall commence. 

To find the equation to the circle referred to any rectangular 
axes. 
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Let C be the centre of the circle ; P any point on its cir- 
cumference. Let c be the radius of the circle; a, b, the 
co-ordinates of (7; x, y, the co-ordinates of F. Draw CW, 
FM, parallel to OY, and GQ parallel to OX. Then 

Cq^Fq=GF'; 

that is, (a;-a)' + (y-5)' = c' (1), 

or a3^-|-/-2aa;-25j/ + a'= + &^-c' = (2). 

This is the equation required. 
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The following varieties occur in the equation. 

_ I. Suppose the origin of co-ordinates at the centre of the 
circle ; then a = 0, and S = ; thus (1) and (2) become 

x^ + f-c^ = (i (3). 

II. Suppose the origin on the circumference of the circle ; 
then the values a: = 0, y = 0, must satisfy (1) and (2); 
therefore 

which relation is also obvious from the figure, when is on 
tlie circumference ; hence (2) becomes 

a? + if -2ax — 'ihy =^ (4). 

III. Suppose the origin is on the circumference, and that 
the diameter which passes through the origin is taken for the 
axis of a;; then 5 = 0, and a' = c'; hence (2) becomes 

x' + f-2ax=:0 (5). 

Similarly if the origin be on the circumference and the 
axis of y coincide with the diameter through the origin, we 
have a = 0, and J/ = (?; hence (2) becomes 

x" + if - 2h>/ = (6). 

Hence we conclude from (2) and the following equations, 
that the equation to a circle when the axes are rectangular 
is always of the form 

x^ + f + Ax+B7/+ G=0, 

where A, B, G, are constant quantities any one or more of 
which in particular cases may be equal to zero. 

89. We shall nest examine, conversely, if the equation 

x^ + f^-Ax + By+G = (i (1) 

always has a circle for its locus. 
Equation (1) may be ^^i-itten 

(- + -2j+(y + TJ=-i G (2). 

6—2 
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I. li A^ + 1^ — 4,0 be negative the locus is impossible. 

II. If A^ + B' — iG — O, equation (2) represents a point 

A Ti 
the co-ordinates of whicli are — -^ , — ir • This point may be 

considered as a circle which has an indefinitely small radius. 

III. li A^ + B'' — 4C be positive we see by comparing 
equation (2) with equation (1) of the preceding article that it 
represents a circle, such that the co-ordinates of its centre are 

— — , — -^ , and its radius 

\{A'+B-'-4Gf^. 

It will be a useful exercise to construct the circles repre- 
sented by given equations of the form 

a;" +/ + Ax + By+G== 0. 

For example, suppose, 

or (a; + 2)'H-(2/-4)=' = 5 + 4 + 16 = 25. 

Here the co-ordinates of the centre are — 2, 4, and the 
radius is 5. 



Tangent and Normal to a Circle. 

90. Def. Let two points be taken on a curve and a 
secant drawn through them ; let the first point remain fixed 
and the second point move on the curve up to the first ; the 
secant in its limiting position is called the tangent to the 
curve at the first point. 

91. To find the equation to the tangent at any point of 
a circle. 

Let the equation to the circle be 

x' + f = c^ (1). 

Let a/, y', be the co-ordinates of the point on the circle at 
which the tangent is drawn ; and x", y", the co-ordinates of 
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an adjacent point on tlie circle. The equation to the secant 
through (a/, y') and (»", y") is 

y-y'=^^^P~.{^-^) (2). 

Now since (as', y') and {x", y") are both on the circumfer- 
ence of the circle, 

a;" + y"' = c'; 
.'. by subtraction, 

x"'-x'' + y'''-y" = 0, 

or l^x"-x'){x" + x') + {y"-y'){y"+y')=0; ' 

y" —y'_ x" + «' 
af'-x' ~ ~ y"+y' ' 

Hence (2) may be written 

^-2/ =-3^7;^ («'-*) (3)- 

Now in the limit when («", y") coincides with (a;', y'), we 
have x" = x', sw.iy" = y'; hence (3) becomes 

Thus the equation to the tangent at the point {x, y') is 

y-y'=-j.{^-^') W- 

This equation may be simplified ; by multiplying by y' and 
ti-ansposing we have 

Qcx' + yy' = x'' + y"'; 

.*. xoc' + yy'=c'' (5). 

92. The equation to the tangent can be conveniently ex- 
pressed in terms of the tangent of the angle which the line 



86 TANGENT TO A CIKCLE. 

makes with the axis of a;. For the equation to the tangent 
at {x', y') is 

yy' 4- xx' = c^, 

X c 

or V = tX+ - . 

y y 

x' 
Let , = «« ; thus the equation becomes 

y 

y = mx + — . 

y 

& 
We have then to express — in terms of m. 

y 

Now x' = — my, 

and x' + y"' = c^ ; 



and y' = - 



c 



Hence the equation to the tangent may be written 
y =mx +G \/(l + TO^). 

Conversely every line whose equation is of this form is a 
tangent to the circle. 

93. The definition in Art. 90 may appear arbitrary to the 
student and he may ask why we do not adopt that given by 
Euclid (Def. 2, Book iii.). To this we reply that the defini- 
tion in Art. 90 will be convenient for every curve, which is not 
the case with Euclid's definition. The student however cannot 
at first be a judge of the necessity or propriety of any defini- 
tion ; he must confine himself to examining the consequences 
of the definition and the accuracy of the reasoning based 
upon, it. 

We may easily shew however that the line represented by 
the equation 

xx' +yy' = c' (1) 
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touches, according to Euclid's definition, the circle 

x' + f = c' (2), 

the point (»', y') being supposed to lie on the circle. To find 
the point or points of intersection of the line and circle we 
combine the equations (1) and (2) ; substitute in (2) the value 
of y from (1), then, 

or a? [x'^ + y'^) - 2c^x'x + c* - cY = 0, 

or cV-2cVa! + cV = 0; 

.-. a?-'2xx' + x"' = 0; 

.-. from {l),y=y'. 

Hence (1) and (2) meet in only one point, the point (a;', y'). 
Hence (1) touches the circle according to Euclid's definition. 

94. Also every line which meets the circle in one point 
only is a tangent to the circle. 

For suppose 

x' + f = c'' 

to be the equation to a circle and 

y = mx + n 

the equation to a straight line ; to find the points of inter- 
section of the line and circle we combine the equations ; thus 
we obtain 

{mx + rif + x^ = c^ 

or {m^ + 1) »" + imnx + n^ — c^ = 

to determine the abscissae of the points. Now this quadratic 
equation will have two roots except when 

(mf+l)(w''-c')=mV, 

that is, when w" = c' ( 1 + wi") . 
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Hence if the straight line meets the circle it must meet it 
in two points unless this condition holds, and then, by Art. 92, 
the line is a tangent to the circle. 

95. Instead of supposing one of the points on the circle 
fixed and the other to move along the circle as in the defi- 
nition of Art. 90 we may suppose hoih to move along the circle 
imtil they meet at some fixed point of the circle, and the 
secant in its limiting position will he the tangent at that 
fixed point. For let (»', y') and (as", y") denote the two 
moving points on the circle, and (a;^, yj the fixed point. 
Then as in equation (3) of Art. 91, we shall have for the 
equation to the secant 

V — V = 77 T iX — X). 

In the limit x and a;" each = 3:^, and y and y'' each =y^, and 
we obtain for the equation to the tangent at (cCj , ?/J 

Hi 
which agrees with the former result. 

96. If the equation to a circle be given in the form 

{x-df^{y-hY-i = 0, 

we may find the equation to the tangent at any point in the 
same manner as in Art. 91. 

Let (a^, y') be the point on the circle at which the tangent 
is drawn ; \x!', -if') an adjacent point on the circle ; then 

(a;-aY + {y'-Vf-c^ = 0, 

(«"-a)H(2/"-6)'-c^ = 0; 

... (a;" _ ay - (a;' - a)' + {y" - Vf - {y' - hf = 0, 

or {x"-x') {x" + X' - 2a) + {y" - y') [y" + y' -2h) =0 ... {!). 
Also the equation to the secant through (a;', y') and {x",y") is 

^~^' = l^'(^-^') (2). 
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By means of (1) this may be written 

a3" + a:'-'2a . ,, 

y-y=- y"+y'.2h ^^-^') (3). 

Now in the limit «" = x' and y" = y' ; hence we have for 
the equation to the tangent at (a/, y') 

This may be written 

.-. {x-a){x'-a) + [y-h){y'-h) 

.= (^'-ar+(/-&r = c= (5). 

97. Def. The normal at any point of a curve is a straight 
line drawn through that point perpendicular to the tangent to 
the cui-ve at that point. 

98. To find the equation to the normal at any point of a 
circle. 

Let the equation to the circle he 

^ + f = c' (1), 

and let a;', y', be the co-ordinates of a point on the cu-cle, then 
the equation to the tangent at that point is 

xx' + yy" = c^, 

X' c" 
or w = ;a; + — . 

y^ y 

Hence the equation to a line through [x', y') perpendicular 
to the tangent at that point is 



-if 



X- 

or y-'^^' 
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Since this equation is satisfied by tlie values a; = 0, ?/ = 0, 
the normal at any point passes through the origin of co-ordi- 
nates, that is, through the centre of the circle. 

99. From any external point two tangents can he drawn to 
a circle. 

Let the equation to a circle he 

o^+f = c' (1), 

and let h, h, be the co-ordinates of an external point. Sup- 
pose x\ "if, the co-ordinates of a point on the circle such that 
the tangent at this point passes through (A, Ic). The equation 
to the tangent at {x\ y') is 

xx' +yy' = <? (2). 

Since this tangent passes through (7j, Ic) 

hoif + ley' = c^ (3). 

Also since (»', y') is on the circle 

a;"^+y^ = c^ (4). 

Equations (3) and (4) determine the values of of and y'. 
Substitute from (3) in (4), thus 



y." 



■^ - hx'- 



.-. x'^ {h' + k') - 2c'hx' + c' {c' - k") = 0. 

The roots of this quadratic will be found to be both possible 
since (h, h) is an external point and therefore Ti^ + ]^ greater 
than c\ To each value of x' corresponds one value of y' by 
(3) ; hence two tangents can be drawn from any external 
point. 

The line which passes through the points where these tan- 
gents meet the circle is called the chord of contact. 

100. Tangents are drawn to a circle from a given external 
point; to find the equation to the chord of contact. 

Let A, h, be the co-ordinates of the external point ; x^, y^, 
the co-ordinates of the point where one of the tangents from 
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Qi, h) meets the circle; x^,y^, the co-ordinates of the point 
where the other tangent from (A, k) meets the circle. 

The equation to the tangent at [x^, yj is 

a'a;i + 2/yi = c' (1). 

Since this tangent passes through (A, h), we have 

hx^ + k^^ = c^ (2). 

Similarly, since the tangent at {x^, yj passes through 
{h, k), 

hx^ + ky, = c' (3). 

Hence it follows that the equation to the chord of can- 
tact is 

xh-\-yk = (? (4). 

For (4) is oWiously the equation to some straight line; also 
this line passes through {x^, y,), for (4) is satisfied by the 
values x — x^, y= y^, as we see from (2) ; similarly from (3) 
we conclude that this line passes through [x^, y^. Hence 
(4) is the required equation. 

Thus we may proceed as follows in order to draw tangents 
to a circle from a given external point — draw the line which 
is represented by (4) ; join the points where it meets the circle 
with the given external point and the lines thus obtained are 
the required tangents. 

101. Through any fixed point chords are drawn to a circle, 
and tangents to the circle drawn at the extremities of each chord; 
the locus of the intersection of the tangents is a straight line. 

Let h, k, be the co-ordinates of the point through which 
the chords are drawn ; let tangents to the circle be drawn at 
the extremities of one of these chords, and let (a;,, y^) be the 
point in which they meet. The equation to the correspond- 
ing chord of contact is, by Art. 100, 



"■a 

„3 



But this chord passes through {h, k) ; therefore 
Ax^ + ky^ = (?. 
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Hence the point [x^, y^, lies on the line 

xh -\- yk = <? ; 

that is, the locus of the intersection of the tangents is a 
straight line. 

We will now prove the converse of this proposition. 

102. If from any point in a straight line a pair of tangents 
he drawn to a circle, Hie chords of contact will all pass through 
a fixed point. 

Let Ax-\-By+ C=0 (1) 

be the equation to the straight line ; let (.«', y') be a point in 
this line from which tangents are drawn to the circle ; then 
the equation to the corresponding chord of contact is 

xx! ■^yy = <? (2). 

Since [x', y') is on (1) 

Aa^ + By'+C^Q; 

therefore (2) may be written 

, Aaf + G 2 
xaf-y ^ — = c^ 

[x-§y-y§-^=o (3). 

Now, whatever be the value of ocf, this line passes through 
the point whose co-ordinates are found by the simultaneous 
equations 



^-0 y^ 

B ~ ' B' 



X — jf = 0, ^ + c' = 0; 



that is, the point for which 

__B^ _ _ ^c^ 

y- Q , «- (J • 

103. The student should observe the different interpreta- 
tions that can be assigned to the equation 

xh + yJc — c" = 0. 
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I. If (/*, Je) be any point wliatever, the equation represents 
tlie locus of the intersection of tangents at the extremities of 
each chord through (/*, Jc). (Art. 101.) 

II. If (Ji, Jc) he an external point, the equation represents 
the chord of contact. (Art. 100.) 

III. If {h, k) be on the circle, the equation represents the 
tangent at that point. (Art. 91.) 

In the following figiires Q denotes the point (A, h), and 
RB the line 

xh + ylc — (?. 




In the first figure Q is within the circle, and the line RB 
receives only the interpretation I. 

In the second figure Q is without the circle, hence the line 
BB receives both interpretations I. and II. ; if therefore tan- 
o-ents be drawn from Q to the circle they will meet it at the 
^points where RB intersects it. 

If Q be on the circle, then BB becomes the tangent at Q. 
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CIECLE EEPEEEED TO OBLIQUE AXES. 



Oblique Axes. 

104. To find the equation to the circle referred to any 
oilique axes. 




Let o) be the inclination of the axes ; let C be the centre of 
the circle ; P any point on its circumference. Let c be the 
radius of the circle ; a, h, the co-ordinates of C; x, y, the 
co-ordinates of P. Draw CN, PM, parallel to Y, and GQ 
parallel to OX. Then 

CP^ = CQ' + PQ'-2CQ. PQ cos CQP 

= CQ'+PQ'' + ^CQ.PQco3(o; 

that is, {x — ay + {y — hy + 2(x — a) {y — h) cos &> = c^ ; 

or, ij(? + y^+ 2xy cos w — 2 (a -}- 5 cos a))x — '2{h + a cos m) y 

+ d^ + W + 'iah cos co - c^ = 0. 

Hence the equation to the circle referred to oblique axes is 
of the form 

a? + y^ + 2xy cos (c + Ax + By -{■ G= 0, 
where A, B, C, are constant quantities. 
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Polar Equation. 
105. To find the polar equation to the circle. 




Let 8 be the pole, 8X the initial line ; C the centre of the 
circle, P any point on its circumference. 

Let 80=1, C8X=a, so that I, a, are the polar co-ordi- 
nates of G; let c he the radius of the circle ; and let r, 6, be 
the polar co-ordinates of P. 

Then CP' = P8' + C8' - 2P8.CS. cos P80; 

that is, c' = r''+r-2h-cos{6-a) (1), 

or, r^ — 2rl (cos a. cos 6 + sin a sin ^) + P — c^ = (2). 

Hence the polar equation to the circle is of the form 

r^ ^ Ar cos e + Br sine + C = (3). 

The polar equation may also be deduced from the equation 
referred to rectangular axes in Art. 88, by putting r cos and 
r sin for x and y respectively. 

If the initial line be a diameter we have a = 0, hence (1) 
becomes 

r^-2lrcosd + r-c' = (4). 

If, in addition, the origin be on the circumference ^ = c', 

.-. r=2lcose (5). 
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106. To express the perpendicular from the origin on the 
tangent at any point in terms of the radius vector of that 
point. 

Let SQIiQ tlie perpendicular from the origin on the tan- 
gent at P, and suppose SQ =p ; then 

80' = SP" + FC - 2 SP. PC cos SPG 

= SP'' + PC - 2SP. PC sin 8PQ ; 

that is, Z« = r' + c' - 2cp. 

In the figure S and C are on the same side of the tangent 
at P. If we take P so that the tangent at P falls between S 
and G, we shall find 

P = r^ + c^ + 2cp. 

107. These equations are sometimes useful in the solution 
of problems, or demonstration of properties of the circle. For 
example, talce the equation (4) in Art. (105), 

r"" - 2rl cosd + P-c' = 0; 

by the theory of quadratic equations we see that the product 
of the two values of r corresponding to any value of 6 is 
p _ c^^ -s^hich is independent of 0. This agrees with Euclid 
III. 35, 36. 

Also the sum of the two values of r is 2?cos^; hence if a 
line be drawn through the pole at an inclination 6 to the 
initial line, the polar co-ordinates of the middle point of the 
chord which the circle cuts off from this line are 

— - — , and 6 ; that is, I cos 0, and 0. 

Hence the polar equation to the locus of the middle point 
of the chord is 

r = 1 cos 0, 

which by (5) in Art. 105, is a circle, of which the diameter 
is l. 
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EXAMPLES. 

1. Determine the position and magnitude of the circles 

(1) x' + i/ + 4:i/-ix-l = 0, 

(2) x' + f+ex-Stf-l^O. 

2. Find the points of intersection of the circle 

/ + x' = 25 
with the lines 

y + x = — l, y + x = — 5, and 3?/ + 4a; = — 25. 

3. A circle passes through the origin and intercepts 
lengths Ji and k respectively from the positive parts of the 
axes of X and y ; determine the equation to the circle. 

4. A circle passes through the points {h, k) and {h', k') ; 
shew that its centre must lie on the line 



5. On the line joining {x, y') and ix", y") as diameter a 
circle is described ; find its equation. 

6. A and B are two fixed points, and P a point such 
that AP= mBP, where m is a constant; shew that the locus 
of P is a circle, except when m — 1. 

7. The locus of the point from which two given uneqxial 
circles suhtend equal angles is a circle. 

8. Find the equation which determines the points of inter- 
section of the line 

and the circle 

x' + y''-2ax- 2by = 0. 

Deduce the relation that must hold in order that the line may 
touch the circle. 

T. C. S. ^ 
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9. Find the equation to tlie tangent at the origin to the 
circle 

10. Shew that the length of the common chord of the 
circles whose equations are 

{x - ay +{y- by = c^ {X - hf +{y- ay = c^ 

is V{4c^-2(a-5r}. 

11. A point moves so that the sum of the squares of its 
distances from the four sides of a square is constant ; shew 
that the locus of the point is a circle. 

12. A point mores so that the sum of the squares of its 
distances from the sides of an equilateral triangle is constant ; 
shew that the locus of the point is a circle. 

13. A point moves so that the sum of the squares of its 
distances from any given number of fixed points is constant ; 
shew that the locus is a circle. 

14. Shew what the equation to the circle becomes when 
the origin is a point on the perimeter, and the axes are in- 
clined at an angle of 120°, and the parts of them intercepted 
by the circle are h and k. 

15. What must be the inclination of the axes that the 
equation 

qS' -^if — xy — lix — }iy = () 

may represent a circle? Determine the position and magni- 
tude of the circle. 

16. What must be the inclination of the axes that the 
equation 

x^ ^y' + xy — lix — Jiy = 

may represent a circle ? Determine the position and magni- 
tude of the circle. 

17. Determine the equation to the circle which has its 
centre at the origin, and its radius = 3, the axes being in- 
clined at an angle of 45°. 
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18. Determine the equation to the circle -which has each 

2 

of the co-ordinates of its centre = — |t ^^^ i^s radius = -j- , 

the axes being inclined at an angle of 60°. 

19. The axes heing inclined at an angle <u, find the radius 
of the circle 

35° + ^"+ 2a;^ cos (o — hx — Jcy = 0. 

20. Shew that the equation to a circle of radius c referred 
to two tangents inclined at an angle co as axes is 

x- + y^ + '2xy coso3-2{x + y)c cot - + c" cot* - = 0. 

21. Shew that the equation in the preceding question 
may also he written 

x + y-2'/{xy) sm- =ccot-. 

22. Find the value of c in order that the circles 

{x -ay+{y-hy- = c^ and {x - hf + [y- af = c\ 
may touch each other. 

23. ABC is an equilateral triangle; take A as origin, 
and AB as axis of x ; find the rectangular equation to the 
circle which passes through .4, B, G. Dedixce the polar 
equation to this circle. 

24. If the centre of a circle be the pole shew that the 
polar equation to the chord of the circle which subtends an 
angle 2/3 at the centee is 

r = c cos/3 sec (O — a.), 

where a is the angle between the initial line and the line from 
the centre which bisects the chord._ Deduce the polar equation 
to a line touching the circle at a given point. 

25. Find the polar equation to the circle, the origin being 
on the circumference and the initial line a tangent. Shew 

7—2 
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that with this origin and initial line, the polar equation to the 
tangent at the point 6' is 

r sin {26' -6)= 2c sin' 6'. 

26. Shew that if the origin be on the circumference of 
a circle, and the diameter through that point make an angle 
a with the initial line, the equation to the circle is 

r = 2c cos (6 — a). 

27. Determine the locus of the equation 



:^ cos (6/- a) +5 cos (0-/3) + C cos (^-7) + 



28. AB is a given straight line; through A two inde- 
finite straight lines are drawn equally inclined to AB, and 
any circle passing through A and B meets those lines in 
L, M; shew that the sum of AL and AM, is equal to a 
constant quantity when L and M are on opposite sides of AB, 
and that the difference of AL and AM is constant when L and 
M are on the same side of AB. 

29. ABG is an equilateral triangle, and 
PA.= PB+PC, 
find the locus of P. 

30. There are n given straight lines making with another 

fixed straight line angles a, /S, 7, ; a point P is taken 

such that the sum of the squares of the perpendiculars from 
it on these n lines is constant; find the conditions that the 
locus of P may be a circle. 

31. A point moves so that the sum of the squares of its 
distances from the sides of a regular polygon is constant; 
shew that the locus of the point is a circle. 

32. A line moves so that the sum of the perpendiculars 
AP, BQ, from the fixed points A and B is constant; find 
the locus of the middle point of PQ. 

33. is a fixed point and AB a fixed line; a line is 
drawn from meeting AB in P; in OP a point Q is taken 
so that OP. OQ = li; find the locus of Q. 
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34. A line is drawn from a fixed point 0, meeting a fixed 
circle in P; in OP a point Q is taken so tliat OP. OQ = k^; 

. find the locus of Q. 

35. Shew that the equation 

{hy - kxY = c' [{x - hf +{y- ky\ 
represents the two tangents to the circle, 

which pass through the point {h, k). 

36. What is represented by the equation 

r'-ra cos 2^ sec e-2a^ = 0? 

37. The polar equation to a circle being r = 2c cos 6, shew 
that the equation 

2c cos /3 cos a. = r cos (/S + a — 6), 
represents a chord such that the radii drawn to its extremities 
from the pole, make angles a, /3 with the initial line. 

38. Tangents to a circle at the points P and Q intersect 
in T; if the lines joining these points with the extremity 
of a diameter cut a second diameter perpendicular to the 
former in the points p, q, t, respectively, shew that 

pt = gt. 
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CHAPTEK VII. 

RADICAL AXIS. POLE AND POLAR. 

Radical Axis. 

108. We have shewn that the equation to a circle is 

{x-ay+{y-hy-c^=Q. 
We shall write this for abbreviation 

If the point {x, y) be not on the circumference of the circle, 
8 is n.ot = ; we may in that case give a simple geometrical 
meaning to 8. 

I. Let [x, y) be without the circle ; draw a tangent from 
{x, y) to the circle ; join the point of contact with the centre 
of the circle {a, h) ; also join {x, y) with" (a, h). Let G re- 
present the point (a, h) , Q the point [x, y) , and T the point 
of contact of the tangent. Thus we have a right-angled 
triangle formed, and since {x — ay+ {y — by= QG", it follows 
that 8= QP; that is, 8 expresses the square of the tangent 
from {x, y) to the circle. By Euclid III. 36, the square of the 
tangent is equal to the rectangle of the segments made by the 
circle on any straight line draw from {x, y), and thus 8 will 
also express the value of this rectangle. 

II. Let {x, y) be within the circle ; then 8 is negative. 
Let G and Q have the same meaning as before, and produce 
GQ to meet the circle in T and T' ; then 

- S=Gr-GQ'={GT-GQ){GT+GQ) 
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Hence by Euclid iii. 35, if any line PQP' be drawn meet- 
ing the circle in P and P', the value of the rectangle PQ.F Q 
is —8. 

109. Let S denote {x - af + {y- hf - c^ 

and 8' denote (a; - a')' + (y - J')^- c"'' ; 

sothat 8=Q (1), and /S" = (2), 

are the equations to two circles ; we proceed to interpret the 
equation 

8-8' = (3). 

8—8' contains only the first powers of x and _y ; therefore 
8— 8' = is the equation to some straight line. Also if 
values of x and y can be found to satisfy simultaneously (1) 
and (2), these values will satisfy (3). Hence when the 
circles represented by (1) and (2) intersect, (3) is the equa- 
tion to the straight line which joins their points of inter- 
section. 

Also suppose that from any point in (3), external to both 
circles, we draw tangents to (1) and (2) ; then, by Art. 108, 
these tangents are equal in length. Hence whether (1) and 
(2) intersect or not, the line (3) has the following property; — 
■if from any point of it lines le drawn to touch both circles, the 
lengths of these lines are equal. 

110. An equation of the form 

A{a? + y^) + Bx + Cy + I) = 

will represent a circle ; for after division by A we obtain the 
ordinary form of the equation to a circle. We shall say that 
the equation to a circle is in its simplest form when the co- 
efiicient of x' and y^ is unity. 

Dep. If jS' = 0, 8' = 0, be the equations to two circles in 
their simplest forms, the straight line 8— 8' = is called the 
radical axis of the circles. 

The axes of co-ordinates may here be rectangular or oblique. 

Or we may give a geometrical definition thus. A straight 
line can always be found such that if from any point of it 
tangents be drawn to two given circles, these tangents are 
equal ; this line is called the radical axis of the circles. 
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111. The three radical axes helonging to three given circles 
meet in a point. 

Let tlie equations to the three circles be 

S, = Q (1), ^, = (2), ^3 = (3). 

The equations to the radical axes are 

8^-8.^ = 0, belonging to (1) and (2), 

8,-8, = 0, (2) and (3), 

8^-8,^0, (3) and (1). 

These three lines meet in a point ; since it is obvious that 
the values of x and y which simultaneously satisfy two of the 
equations, will also satisfy the third. 

112. A large number of inferences may be drawn from 
the preceding articles by examining the special cases which 
fall under the general propositions. (See Pliicker Analytisch- 
Geometrische Entwichelungen, Vol. I. pp. 49 — 69.) We notice 
a few of these respecting the radical axis of two circles. 

113. The radical axis is 'perpendicular to the line joining 
the centres of the two circles. 

Let the equations to the circles be 

then the equation to the radical axis is 

{x - af -{x- a'Y + {g- bf -{y- b'Y -c' + c" = 0; 
that is, 
x{a-a)+y{b'-h)+^{a'-a'' + b'^-b''-c' + c") = (1). 

And the equation to the line joining the centres of the 
circles is, (Art. 35), 

, b' — b , , , . 

3^-^ = ^^(^-«) (2); 

(1) and (2) are at right angles by Art. 42. 
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114. When two circles touch, their radical axis is the 
common tangent at the point of contact. For the radical axis 
passes through the common point and is perpendicular to the 
line joining the centres of the circles. 

115. Suppose the radius of one of the circles to become 
indefinitely small, that is, the circle to become a point ; the 
radical axis then has the following property : — ^if from any 
point of the radical axis we draw a line to the given point, 
and a tangent to the given circle, the line and the tangent 
will be equal in length. 

116. The radical axis of a point and a circle falls without 
the circle, whether the point be without or within the circle. 
For if the radical axis met the circle, the co-ordinates of the 
points of intersection would satisfy the equation to the point as 
well as the equation to the circle. But the equation to the 
point can be satisfied by no co-ordinates except the co-ordi- 
nates of that point; therefore the radical axis cannot meet 
the circle. If the point be on the circle, the ■ radical axis is 
the tangent to the circle at this point. 

117. Suppose hoik circles to become points. Then the 
lines drawn from any point in the radical axis to the two 
fixed points are equal in length. Hence the radical axis be- 
longing to two given points is the line which bisects at right 
angles the distance between the two given points. 

118. Suppose in Art. Ill that each circle becomes a point ; 
the theorem proved is then the following : — the perpendiculars 
drawn from the middle points of the sides of a triangle meet 
in a point. 

119. It is a well-known geometrical problem — to draw a 
straight line lohich shall touch two given circles. If the circles 
do not intersect, four common tangents can be drawn ; two of 
them will be equally inclined to the line joining the centres, 
and will intersect on that line between the circles ; the other 
two will also be equally inclined to the line joining the cen- 
tres, and will intersect on that line beyond the smaller circle. 
These two points of intersection are called centres of similitude. 
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For the equations to the common tangents and for the proper- 
ties of the centres of similitude, we refer to Salmon's Conic 
Sections. 



Pole, and Polar. 

120. Def. If the equation to a circle be 

a;= + / = c=', 

and h, h, be the co-ordinates of any point, then the line 

xh + yk — (? 

is called the polar of the point (A, li) with respect to the given 
circle, and the point (A, It) is called the poh of the line 

xh +yh — (? 

with respect to the given circle. 

We may also express our definition thus : — the polar of a 
given point with respect to a given circle is the straight line 
whose equation involves the co-ordinates of the given point 
in the same manner as the equation to the tangent at any 
point of the circle involves the co-ordinates of the point of 
contact ; and the given point is the jioZe of the line. 

Or we may define the polar of a point by means of the 
properties which it possesses, (Art. 103). The polar of a 
given point with respect to a given circle is the straight line 
which is the locus of the intersection of tangents drawn at 
the extremities of every chord through the given point ; and 
the given point is called the pole of this straight line. 

If the given point be without the circle, its polar coincides 
with the cliord of contact of tangents drawn from that point. 

121. If one straight line pass through the pole of another 
straight line, the second straight line will pass through the pole 
of the first straight line. 
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Let («', y') be the pole of the first straight line, and 
therefore 

xx'+yy' = c' (1), 

the equation to the first straight line. 

Let {x", y") be the pole of the second straight line, and 
therefore 

xo^' + yy"^c' (2), 

the equation to the second straight line. 

Since (1) passes through {x", y") we have 

x"x' + y"y' = c^; 

and since this equation holds, (2) passes through («', y'). 

122. The intersection of two straight lines is the pole of the 
line which joins the poles of those line,s. 

Denote the two straight lines by A and B, and the line 
joining their poles by U; since G passes through the pole of 
A, therefore, by Art. 121, A passes through the pole of C; 
similarly B passes through the pole of G; therefore the inter- 
section of A and B is the pole of G. 



MISCELLANEOUS EXAMPLES. 

1, Find the tangent of the angle between the two straight 
lines whose intercepts on the axes are respectively a, i, and 
a', v. 

2. If the straight lines represented by the equation 
x' (tan' ^ + cos" ^) - 2xy tan <p+y^ sin" <p = 0, 

make angles a, /S with the axis of x, shew that 
tan a ~ tan yS = 2. 
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3. One side of a square a corner of which is at the origin 
makes an angle a with the axis of x; find the equations to 
the four sides and the two diagonals. 

4. Find the equations to the diagonals of the parallelogram 
formed hy the straight lines 

-+f=l, - + f = 2, 
a b a 

X y ^ X y ^ 
a a 

and shew that they are at right angles to one another. 

5. The distance of a point (a;,, y^ from each of two straight 
lines which pass through the origin of co-ordinates is 8, prove 
that the two lines are represented by the equation 

{x,y-xy,r={o^ + f)h\ 

6. Find the condition that one of the lines represented by 

Af+Bxy+ Cx' = Q, 
may coincide with one of those represented by 
ay' + Ixy + ca? = 0. 

7. If a = 0, ;S = 0, 7 = be the equations to the three 
sides of a triangle ; and a, h, c be the perpendicular distances 
between these sides and those of another triangle parallel to 
them respectively, the line joining the centres of the inscribed 
circles will be represented by any of the equations 

a — /3_/3 — 7_7 — a 



8. Prove that the equation to the straight line passing 
through the middle point of the side 5C of a triangle ABC 
and parallel to the external bisector of the angle A is 



/8-I-7 + I (sin^+sin (7) = 0. 
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9. The equation to the line drawn parallel to BC through 
the centre of the escribed circle which touches BG is 

(a + /8) sin 5 + (a + 7) sin C= 0. 

10. Find the equations to the lines which pass through 
the intersection of the lines 

la. + myS + m7 = 0, I'a + m'^ + m'7 = 0, 

and hisect the angles between them. 

11. If M = 0, t) = 0, be the equations to two circles, shew 
that bj giving a suitable value to the constant X, the equa- 
tion M + X,« = will represent any circle passing through the 
points of intersection of the given circles. 

12. A fixed circle is cut by a series of circles, all of which 
pass through two given points ; shew that the lines which 
join the points of intersection of the fixed circle with each 
circle of the series all meet in a point. 
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CHAPTER VIII. 

THE PAEABOLA. 

123. There are three curves which we now proceed to 
define ; we shall then deduce their equations from the defini- 
tions, and investigate some of their properties from their 
equations. 

Def. a conic section is the locus of a point which moves 
so that its distance from a fixed point bears a constant ratio to 
its distance from a fixed straight line. If this ratio be unity, 
the curve is called a, parabola, if less than unity, an ellipse, if 
greater than unity, an hyperbola. 

The fixed point is called the focus, and the fixed straight 
line the directrix. 

124. It will be shewn hereafter that if a cone be cut by 
a plane, the curve of intersection will be one of the following ; 
a parabola, an ellipse, an hyperbola, a circle, two straight 
lines, one straight line, or a point. Hence the term conic 
section is applied to the parabola, ellipse, and hyperbola — and 
may be extended to include the circle, two straight lines, one 
straight line and point. We shall also prove that every 
curve of the second degree must be a conic section in this 
larger sense of the term. 

At present we confine ourselves to tracing the consequences 
of the definitions in Art. 123. 

125. To find the equation to the Parabola, 

A parabola is the locus of a point which moves so that its 
distance from a fixed point is equal to its distance from a 
fixed straight line. 



EQUATION TO THE PARABOLA. 



Ill 




Let S be the fixed point, YY' the fixed straight line. 
Dra-w SO perpendicular to YY'; take as the origin, OS 
as the direction of the axis of a;, OY as that of the axis of 7/. 
Suppose 0S=2a. 

Let P be any point on the locus; join SP; draw PM 
parallel to OF and PN parallel to OX: let OM = x, 
PM=y. 

By definition 

SP = PN; 
.-. SF^ = P1P; 
.: PJr-+S]\P=:PN\ 
that is, y^+{x — iaf = x'; 

.: f = iaix-a) (1). 

This is the equation to the parabola with the assumed 
origin and axes. The curve cuts the axis of a; at a point A 
which bisects OS; for when y = in (1), we have x = a. 
The equation will be simplified if we put the origin at A ; 
let x' = AM, then x =x — a, and (1) becomes 

^' = iax'. 
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FOEM OF THE PARABOLA. 



We may suppress the accent, if we remember that the 
origin is now at A ; thus we have for the equation to tlie 
parabola 

f = iax (2). 

126. To trace the parabola from its equation y'= 4ax. 




From this equation we see that for every positive value 
of X there are two values of y, equal in magnitude, but of 
opposite sign. Hence for every point P on one side "of the 
axis of X, there is a point P' on the other side, such that 
P'M=PM. Hence the curve is symmetrical with respect 
to the axis of a?. Negative values of x do not give possible 
values of y ; hence no part of the curve lies to the left of the 
origin. As x may have any positive value, the curve extends 
without limit on the right of the origin. 

A is called the vertex of the curve and AX the axis of the 
curve. 



127. We have drawn the curve concave towards the axis 
of X ; the following proposition will justify the figure. 

The ordinate of any point of the curve which lies between 
the vertex and a fixed point of the curve is greater than the 
corresponding ordinate of the straight line joining the vertex 
and the fixed point. 
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Let F be the fixed point ; x', y\ its co-ordinates ; then the 
equation to AP is 

since y"' = 4.ax', 

Let X denote any abscissa less than x', then since the ordi- 
nate of the curve is '^{iax), and that of the straight line is 

A /(— rj.a; ov ./ 1—;\ x fj{iax), it is obvious that the ordi- 
nate of the curve is greater than that of the line. 

128. Dep. The double ordinate through the focus of a 
conic section is called the Latus Eectum. 

Thus in the figure in Art. 126, LSL' is the Latus Rectum. 

Let x= a, then from the equation y' = iax, y = ± 2a. 
Hence L8== L'8= 2a ; and LL'= 4a. 

129. To express the focal distance of any point of the 
parabola in terms of the abscissa of the point. 

The distance of any point on the curve from the focus is 
equal to the distance of the same point fi-om the directrix. 
Hence (see fig. to Art. 125), 

8P=AM+A8, 

= a; + a. 



Tangent and normal to a Parabola. 

130. To find the equation to the tangent at any point of 
a parabola. (See Def. Art. 90.) 

Let x', y', be the co-ordinates of the point, 

x",y", the co-ordinates of ^n adjacent point on the 
curve. 
T. c. s. ■ 8 
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The equation to the secant through these points is 

^-^' = fci("-^') (^)' 

since ix', y) and {x", y") are on the parabola 
y' = 4ax', y"^='^ax": 

^._ y -y ^ 4« . 

x' — x' y" + y' ' 
hence (I) may be written 

V — y = —r, ; (x — x). 

Now in the limit y" =y'; hence the equation to the tangent 
at the point [x, y) is 

y-y' = j{^-^) (2). 

This equation may be simplified ; multiply by y', thus 
yy'=ia{x-ai)+y'\ 
= 2ax — iax' + Aax' , 
= 2a[x + x) (3). 

131. The equation to the tangent can be conveniently 
expressed in terms of the tangent of the angle which the line 
makes with the axis of the parabola. 

For the equation to the tangent at («', y) is 

yy' = 2a{x + x), 

2a 2ax' 
or y = — 7 a; H — 

y y 

2a iax' 

y ^y 

2a y' ,,, 

=7^+1 «• 
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thus (1) may be written, 



y='«*+£ (2); 



m 



this is the required equation. Conversely, every line whose 
equation is of this form is a tangent to the parabola. 

132. It may be shewn as in Art. 93, that a tangent to 
the parabola meets it in only one point. Also, if a line meets 
a parabola in only one point, it will in general be the tangent 
at that point. 

For suppose 

y=4aa; (1) 

to be the equation to a parabola, and 

y = inx + G (2) 

the equation to a straight line. To determine the abscissae of 
the points of intersection, we have the equation 

{mx + c)" = 4aa;, 

or, mV + (2mc - 4a) a; + c'' = (3); 

this quadratic equation will have two roots, except when 

{mc — 2ay = j»V, 
that is, when 

a 

c = — . 
m 

Hence if the line (2) meets the parabola, it will meet it in 

two points, unless c = — , and then the line is a tangent to 

the pai-abola by Art. 131. 

If, however, the equation (2) be of the form y = c, so that 
the line is parallel to the axis of a;, then instead of (3) we have 
the equation c" = 4aa;, which has but one root ; hence a line 

8—2 
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parallel to the axis of the parabola meets it in only one point, 
but is not a tangent. 

133. The axis of 3/ is a tangent to the curve at tlie 
vertex. 

For the equation to the tangent at {x\ y) is 

yy = 2cs (x + x) ; 

and when a;' = and y' — 0, this becomes 

a; = 0. 

134. To find the equation to the normal at any 'point of 
a parabola. (See Def. Art. 97.) 

Let x, y' , be the co-ordinates of the point ; the equation 
to the tangent at that point is 

y = ^[^ + ^') i})- 

The ' equation to a line througli {x, y) perpendicular to 
(l)is 

f 

3/-y=-£ («-«') (2). 

This is the equation to the normal at (a;', y'). 

135. The equation to the normal may also be expressed 
in terms of the tangent of the angle which the line makes 
with the axis of the curve. 

For the equation to the normal is 

v' , v'^' 



,'3 



v' 

Let —^ = '>n; .•.y=—2am; 

2a -^ ' 

thus (1) may be written 

y = mx — 2am — am? (2) 
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136. We shall now deduce some properties of the parahola 
from the preceding articles. 

Let X, y, he the co-ordinates of P; let PT he the tangent 
at P and PG the normal at P. 

The equation to the ,tangent at P is 

yy' = 2a {x + x'). 







z 


^ 


\ ■'^ 


T A 


s M a X 



Let y = 0, then a; = — re' ; hence A T= AM. 
Also ST=AT+AS, 

= AM+A8 

= SP, (Art. 129). 

Hence the triangle STP is isosceles, and the angle 8TP 
= angh 8PT. 

Thus if PN be parallel to the axis of the curve, PiV and 
PS are equally inclined to the tangent at P. 

137. The equation to the normal at P is 
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At the point G, where the normal cuts the axis, y = 0; 
hence from the above equation 

x—x' = 2a; 

thus MG = 2a = half the latus rectum. Also 8G - 8P. 

138. To find the locus of the intersection of the tangent at 
any point with the perpendicular on it from the focus. 

Let x, y, he the co-ordinates of any point P on the curve ; 
the equation to the tangent at P is 

y = Yi^+^') (!)• 

The equation to a line through the focus perpendicular 
to (1) is 

^ — fl(-«) (2)- 

We have now to eliminate x' and y' by means of (1), 
(2), and 

y"' = iax' (3). 

From (3) we find x' in terms of?/', and thus (1) may be 
written 

2a , y' /,v 

if = J^+2 (*)• 

Thus the problem is reduced to the elimination of y' fr-om 
(2) and (4) ; from (2) 

^=-^ (^)' 

substitute in (4) ; then 

(x — a)x aw 
•^ y x — a 

.'. y^ {x — a) + {x — ay x + ay^ = 0, 

or {y'+{x-aY}x^O, (6). 

If the factor y''+{x — af be equated to zero, we have 

y = 0, x = a (7). 
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The point thus determined is the focus; this however is 
not the locus of the intersection of (1) and (2), for the values 
in (7), although they satisfy (2), do not satisfy (1). We 
conclude therefore that the required locus is given by the 
equation 

^' = (8), 

•which we oh tain by considering the other factor in (6). 

This result can be easily verified ; for if we put a? = in 
(1) we obtain y = — j- =^; and if we put a; = in (2), we 

also obtain y=^; thus (I) and (2) intersect on the line 

87 = 0. 

Thus, if in the fig. in Art. 136, ^be the intersection of the 
tangent at P with the axis of y, SZ is perpendicular to the 
tangent. 

139. The process of the preceding Article is of frequent 
use and of great importance. We have in (1) and (2) the 
equations to two straight lines ; if we obtain the values of x 
and y from these simultaneous equations, we thus determine 
the point of intersection of the lines ; the values of x and y 
will depend upon those of x' and y', thus giving different 
points of intersection corresponding to the diiferent lines re- 
presented by (1) and (2). If firom (1), (2), and (3) we elimi- 
nate x' and y' we obtain an equation which holds for the 
co-ordinates oi every point of intersection of (1) and (2). This 
equation is by our definition of a locus the equation corre- 
sponding to the locus of the intersection of (1) and (2). 

Sometimes the elimination produces, as in the preceding 
article, an equation which does not represent the required 
locus. The student has probably noticed in solving alge- 
braical questions that he often arrives at more results than 
that which he is especially seeking. We can frequently 
interpret these additional results; thus in the preceding 
article, since, whatever x and y' may be, the values x = a, 
y = 0, satisfy one of the equations which we use in effecting 
the elimination, we might anticipate that our result would 
involve a corresponding factor. 
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140. If the line from the focus, instead' of being perpen- 
dicular to the tangent, meet it at any constant angle, the 
locus of their intersection ■will still be a straight line. We 
will indicate the steps of the investigation. Suppose /3 the 
angle between the tangent and the line from the focus; 
equation (1) remains as in Art. (138) ; instead of (2) we have, 
by Art. 45, 

—f + tan p 
"■-^ .{x-a) 



—r tan « 

y 



2a + v' tan /S , , 

= — — ~ — 3 [x - a), 
y —la tan p ^ ' 

Instead of (5) in Art. 138, we shall find, 

, _ 2a (a; — a) + lay tan /S 
^ y — {x — a) tan j3 

The result of the elimination is 

y[y—ix — a) tan ji]{x — a + y tan ^] 

— x{y — {x — a) tan ^y — a{x — a+y tan ^y = 0. 

Now, guided by the result of Art. 138, we may anticipate 
that y' + [x — a)" will prove a factor of the left-hand member 
of the equation ; and we shall find by reduction that the equa- 
tion may be written 

{y^ + {x — aY} {y tan j3 — x tan'^ /3 — a} = 0. 

. Hence the required locus is 

y = x tan /3 + a cot /3. 

141, To find the length of the peiyendicular from the focus 
on the tangent at any jwint of the parabola. 

The equation to the tangent at the point (x, y') is 
2a , , n 
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The perpendicular on this from the point (a, 0) by Art. 47 

_ 2a (« + «') 2ft (a + a;') . 

V(3/ +4a) vl^a (« + £»)} 

Call the focal distance of the point of contact r, and the 
perpendicular^; then, by Art. 129, 

r—a+x; 

.'. p = \/{ar). 

142. From any external point two tangents can he drawn 
to a parabola. 

Let the equation to the parabola be 

y' = ^ax (1), 

and let li, Jc, he the co-ordinates of an external point. Sup- 
pose x', y , the co-ordinates of a point on the parabola such 
that the tangent at this point passes through (A, U). The 
equation to the tangent at («', y) is 

yy' = 'ia{x^al) (2). 

Since this tangent passes through (A, li) 

hj = 2a {Ji + x) (3). 

Also since {x, y') is on the parabola 

y'^ = 4:ax' (4). 

Equations (3) and (4) determine the values of x and y'. 
Substitute from (4) in (3), thus 

ky'=2ah+-^, 

or, y'^ — '2liy' + iah = 0. 

The roots of this quadratic will be found to be both pos- 
sible, since (/«, k) is an external point and therefore Jc' greater 
than iaJi. To each value of y' corresponds one value of x 
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hy (3) ; hence two tangents can Tje drawn from any external 
point. 

The line which passes through the points where these tan- 
gents meet the parabola is called the chord of contact. 

143. Tangents are drawn to a parabola from a given ex- 
ternal point ; to find the equation to the chord of contact. 

Let h, k, be the co-ordinates of the external point; x^, y^, 
the co-ordinates of the point where one of the tangents from 
(A, k) meets the parabola; ajj,^^, the co-ordinates of the point 
where the other tangent from [h, k) meets the parabola. 

The equation to the tangent at {x^, y^ is 

^y, = 2a(x + a;J (1). 

Since this tangent passes through (h, k) we have 

ky^ = '2a[h + x^ (2). 

Similarly, since the tangent at [x^, y^ passes through 
{h,k) 

ky, = 2a{h + x,) (3). 

Hence it follows that the equation to the chord of con- 
tact is 

ky = '2a{x + h) (4). 

For (4) is obviously the equation to some straight line ; also 
this line passes through {x^, y^, for (4) is satisfied by the 
values x = x^, y= y^, as we see from (2) ; similarly from (3) 
we conclude that this line passes through [x^, y^. Hence (4) 
is the required equation. 

Thus we may proceed as follows in order to draw tangents 
to a parabola from a given external point. Draw the line 
which is represented by (4), join the points where it meets 
the parabola with the given external point, and the lines thus 
obtained are the required tangents. 

144. Through any fixed point chords are drawn to a para- 
hola, and tangents to the parabola drawn at the extremities of 
each chord; — the locus of the intersection of the tangents is a 
straight line. 
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Let h, h, be the co-ordinates of the point through which ihe 
chords are drawn ; let tangents to the parabola be drawn at 
the extremities of one of these chords, and let (ajj, y^ be the 
point in which they meet. The equation to the corresponding 
chord of contact is, by Art. 143, 

yy^ = '2a{x + x^. 
But this chord passes, through {h, h) ; therefore 

hy^ = 2a (A + x^ . 
Hence the point [x^, y^ lies on the line 

hy = 2a (a; + A) ; 

that is, the locus of the intersection of the tangents is a 
straight line. 

We will now prove the converse of this proposition. 

145. If from any point in a straight line a pair of tangents 
he drawn to a parabola, the chords of contact will all pass 
through a fix^d point. 

Let Ax + By+0=() (1) 

be the equation to the straight line ; let (a;', y) be a point in 
this line from which tangents are drawn to the parabola; 
then the equation to the corresponding chord of contact is 

yy' = 2a{x-Vx') (2). 

Since {x, y') is on (1) 

Ax' + By'+C=0; 

therefore (2) may be written 

y {Ax + 0) + 2a5 {x + x')= 0, 

or, {Ay + 203) x' + Cy+2aBx=:0 (3). 

Now whatever be the value of x, this line passes through 
the point whose co-ordinates are found by the simultaneous 
equations 

Ay+2aB=0, Cy+2aBx = 0; 
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that is the point for which 



y = -, x = -. 



146. The student should observe the different interpreta- 
tions that ean be assigned to the equation 

ky = 2a (x + h). 

The statements in Art. 103 with respect to the circle may all 
be applied to the parabola. 



Diameters, 

147. To find the length of a line clraion from any point in 
a given direction to meet a parabola. 

Let x, y', be the co-ordinates of the point from which the 
line is drawn ; x, y, the co-ordinates of the point to which the • 
line is drawn ; 6 the inclination of the line to the axis of x ; 
r the length of the line ; then (Art. 27) 

a; = a;' -h r cos ^, 3/ = a/' + »' sin ^ (1). 

If {x, y) be on the parabola, these values may be substituted 
in the equation y' = Aax ; thus 

{y + r sin Of = 4a (a;' -1- r cos 6) ; 

.-. r^ sln^ 6 + 2r [y sin ^ - 2a cos 6) + y"^ - 4aa;' = .... (2). 

From this quadratic two values of r can be found, which 
are the lengths of the lines that can be drawn from (a;', y') 
in the given direction to the parabola. 

When the point [x , y) is within the parabola, the roots of 
the above quadratic will be of different signs ; in this case 
the two lines that can be drawn from [x', y') to meet the 
curve are drawn in different directions. When the point 
{x , y) is loithout the parabola, the roots are of the same sign, 
and the lines are drawn in the same direction. 
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148. Dep. a diameter of a curve is the locus of the 
middle points of a series of 2}arallel chords. 

149. To find the diameter of a given system of parallel 
chords in a parabola. 

Let 6 be the inclination of the chords to the axis of the 
parabola ; let x', y', be the co-ordinates of the middle "point 
of any one of the chords ; the equation which determines the 
lengths of the lines drawn from {x', y) to the curve is 
(Art. 147) 

r' sin' ^+ 2j- [xJ sin - 2a cos 61) +3/""- 4aa;' = 0.... (1). 

Since (03', y) is the middle point of the chord, the values of 
r furnished by this quadratic must be equal in magnitude 
and opposite in sign ; hence the coefficient of r must vanish ; 
thus, 

y sin 6 — '2a cos ^ = ; 

.-. y' = 2acote (2); 

thus the required diameter is a straight line parallel to the 
axis of the parabola. 

Hence every diameter is parallel to the axis of the para- 
bola. 

Also every sti-aight line parallel to the axis of the para- 
bola is a diameter, that is, bisects some system of parallel 
chords ; for by giving to ^ a suitable value, the equation (2) 
may be made to represent any line parallel to the axis. 

150. Let a tangent be drawn to the parabola at the point 

where the line y' = '2a cot meets the parabola ; the equation 

to the tangent is 

2a . ,> 
y = y{x + x); 

that is, 2^ = tan ^ (a; + x') ; 

Jience, the tangent at the extremity of any diameter of the 
parabola is parallel to the chords which that diameter bi- 
sects. 
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151. To find the equation to the parabola, the axes leing 
any diameter and ike tangent at the point where it meets 
the curve. 




Let A, k, be tlie co-ordinates of a point A' on the parabola ; 
take this point for a new origin; draw through it a line 
A'X' parallel to the axis of the curve for the new axis of 
X, and a tangent A! Y' to the curve for the new axis of y. 
Let YA'X'^d; then (Art. 150) 

T" = tan p, 
Ic 

Let X, y, be the co-ordinates of a point P on the curve 
referred to the original axes ; x, y', the co-ordinates of the 
same point referred to the new axes ; draw PM parallel to 
^Fand PM' parallel to AY'; also draw AL, M'N, parallel 
to A Y; let R denote the intersection of PM and A'X'; then 
x = AM=AL + LN+NM=AL + AM' -vM'R 
= h + x' -\-y' cos 6, 
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y = PM= BM+ PB = A'L + PR 
= h + y' sin 6. 
Substitute these values in the equation y^=4:ax; thus 
{k + y' sin 0)' = ia {h + x' +y cos 6), 
or ?/'= sin" 6 + 2y' [h sin -2a cos 6) + 1^ - Aah = iax'. 
But, ^ = 2a cot 5, and F = 4a/j ; thus we have 
y''sin''^ = 4aa;', 



'2 . 



4a 



■^ sm' 6 
which is the required equation. 
We may prove that 

for 8A' = a + h (Art. 129) ; and 

h = -— = a cof' : 
4a 



.•, a + 7i = - 



■ sin^ ^ • 
Hence the equation may be written 

'2 J ' f 

^ = 4a a; , 
where a = 8A'; or suppressing the accents on the variables 

y = 4a'a;. 

152. The equation to the tangent to the parabola will be 
of tJie same form whether the axes be rectangular, or the 
oblique system formed by a diameter and the tangent at its 
exti-emity ; for the investigation of Art. 130 will apply with- 
out any change to the equation y* = 4a'a; which represents a 
parabola refen-ed to such an oblique system. 

153. Tangents at the extremities of any chord of a paraiola 
meet in the diameter which bisects that chord. 
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Kefer the parabola to the diameter bisecting the chord, and 
the corresponding tangent, as axes ; let the equation to the 
parabola be 

•y^ = ia'x ; 

let x', y' , be the co-ordinates of one extremity of the chord ; 
then the equation to the tangent at this point is 

yy = 2ffi' [x + x) (1). 

Tlie co-ordinates of the other extremity of the chord are 
X , — y ; and the equation to the tangent there is 

-yij =1d [x\x) (2). 

The lines represented by (1) and (2) meet at the point for 
which 

?/ = 0, x=—sd; 
this proves the theorem. 

Folar Equation. 

154. To find the Polar Equation to the parabola, the focus 
being the pole. 

Let 8P=r, A8P= 6, (see Fig. to Att. 125) ; 

then 8P=PN, by definition; 

that is, 8P= 08+ 8M; 

or r = 2a + 9- cos {it — 6); 

.: r (1 + cos 6) = 2a, 

, 2a 

and r = ~ -. . 

1 -t- cos ^ 

If we denote the angle X8P by 0, then we have as before 

8P=08+8M; 

thus r = 2a -1- r cos 0, 

^ 2a 

and r = , 

1 — cos ^ 
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155. The polar equation to the parabola when the vertex 
is the pole may be conveniently deduced from the equation 
y = Aax by putting r cos and r sin d for x and y respec- 
tively ; we thus obtain 

_ 4a cos 6 
*"" sin^6' " 

We add a few miscellaneous propositions on the parabola. 

Dep. a chord passing through the focus of a conic sec- 
tion is called a focal chord. 

156. If tangents be drawn at the extremities of any focal 
chord of a parabola, (1) the tangents will intersect in the 
directrix, (2) the tangents loill meet at right angles, (3) the 
line drawn, from the point of intersection of the tangents to 
the focus will be perpendicular to the focal chord. 

(1) If the tangents to a parabola meet in the point {h, h) 
the equation to the chord of contact is, by Art. 143, 

ley = 2a (a; + A) . 

Suppose the chord passes through the focus; then the 
values x = a, y=0, must satisfy this equation ; 

.-. = 2d{a+h); 

.'. h = — a; 

that is, the point of intersection of the tangents is on the 
directrix. 

(2) The equation to the tangent to a parabola may be 
written, (Art. 131), 

a 

y = mx -\ . 

'' m 

Suppose (A, k) a point on the tangent ; 

.*. hm' — Jem + a = 0. 

This quadratic will determine the inclinations to the axis 
of the parabola of the two lines that may be drawn through 
T. c. s. 9 
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the point (/«, k) to touch the parabola. Suppose m^, m^, the 
tangents of these inclinations, then hy the theory of quad- 
ratic equations 

a . 

If h = — a, m{m^ = — 1 ; 
that is, the two tangents are at right angles. 

(3) The equation to the line through the focus and 

(7», Id) is 

"' "■ li 



y = i — -i-c-o)- 



If h = —a, this becomes 

y= (x — a), 

and the line is therefore perpendicular to the focal chord of 
which the equation is 

yh = 2a (a; — a) . 

157. If through any point within or without a parabola, 
two lines be drawn j>arallel to two given straight lines to meet 
the curve, the rectangles of the segments will he to one another 
in an invariable ratio. 

Let {x', y') be the given point, and suppose a and /8 
respectively the inclinations of the given straight lines to 
the axis of the parabola. By Art. 147, if a line be drawn 
through («', y') to meet the curve and be inclined at an angle 
a to the axis, the lengths of its segments are given by the 
equation 

r" sin'' a + 2r [y' sin a - 2a cos a) +y'^ - iax' = 0. 

Therefore by the theory of quadratic equations the rect- 
angle of the segments 

_ y'^ — iax' 

sin^a 
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Similarly the rectangle of the segments of the line drawn 
through (as', y') at an angle /8 

_ y'^ — iax 
sin'"' /3 

SlTl Q 

Hence the ratio of the rectangles = . „ . 

■ sm'^a' 
and this ratio is constant whatever x' and y' may be. 




Let be the point through which the lines OPp, OQq, 
are drawn inclined to the axis of the parabola at angles a, ^, 
respectively ; then we have proved that 
OP. Op sin'/S 
OQ.Oq^^m^oL' 
Let tangents to the parabola be drawn parallel to Pp, Qq, 
meeting the parabola in E and D respectively ; let 8 be the 
focus ; then by Art. 151, 

8E_bW_§_ . OP. Op ^ 8E 

SB ~ siu^ ol' •*• OQ.Oq SB' 
Suppose to coincide with T; then OP. Op becomes 
I!E' and 0(9. Oq becomes TP^; 

TW__SE 

•'• TD^ ~ 8D ' 

9—2 
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EXAMPLES. 

1. Find the equation to the line joining A and L. (See 
Fig. to Art. 126.) 

2. Find the equation to the circle which passes through 
A, L, L'. (See Fig. to Art. 126.) 

3. A point moves so that its shortest distance from a 
given circle is equal to its distance from a given fixed dia- 
meter of that circle ; find the locus of the point. 

4. Trace the curves if = iax, and x^ + 4:ay = ; and de- 
termine their points of intersection. 

5. Determine the equation to the tangent at L. (See 
Fig. to Art. 126.) 

6. Find the angle between the lines in questions 1 and 5. 

7. Determine the equation to the normal at L. 

8. Find the point where the normal at L meets the curve 
again, and the length of the intercepted chord. 

9. Find the point in a parabola where the tangent is 
inclined at an angle of 30° to the axis of x. 

10. The length of the perpendicular from the foot of 

the directrix on the tangent at (x', y) is ,, , , — K~r . 
^ ^ '^' V{« («+«)} 

11. Find the points of contact of tangents the perpendicu- 
lars on which from the foot of the directrix are equal to one 
fourth of the latus rectum. 
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12. A circle has its centre at the vertex ^ of a parabola 
whose focus is S, and the diameter of the circle is SAS; 
shew that the common chord bisects AS. 

13. Trace the curve y = x — x'', and determine whether 
the straight line x+y = l is a tangent to it. 

14. The tangent at any point of a parabola will meet the 
directrix and latus rectum produced in two points equally 
distant from the focus. 

15. PM is an ordinate of a point P in a parabola ; a line 
is drawn parallel to the axis bisecting PM and cutting the 
curve in Q; MQ cuts the tangent at the vertex A in T; 
shew that ^r= I Pif. 

16. If from any point P of a circle PC be drawn to the 
centre G, and a chord PQ be drawn parallel to the diameter 
A GB and bisected in R, shew that the locus of the inter- 
section of GP and AB is a parabola. 

17. Find the ordinates of the points where the line 
y = mx + c meets the parabola ; hence determine the ordi- 
nate of the middle point of the chord which the parabola 
intercepts on this line. 

18. A is the origin, 5 is a point on the axis of y, BQ a 
line parallel to the axis of a; ; yq. AQ, produced if necessary, 
P is taken such that its ordinate is equal \a BQ; shew that 
the locus of P is a parabola. 

19. From any point Q in the line BQ which is perpen- 
dicular to the axis GAB of a parabola whose vertex is A, 
PQ is drawn parallel to the axis to meet the curve in P; 
shew that if GA be taken equal to AB, the lines A Q and 
GP will intersect on the parabola. 

20. At the point (as', y') a normal is drawn ; find the co- 
ordinates of the point where it meets the cui've again, and the 
length of the intercepted chord. 
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21. If the normal at any point P meet the curve again 
in Q, and 8P=r, and^ be the perpendicular from S on the 

tangent at P, then PQ = ' . 

22. P is any point on a parabola, A the vertex ; through 
A is drawn a line perpendicular to the tangent at P, and 
through P is drawn a line parallel to the axis ; the lines thus 
drawn meet in a point Q ; shew that the locus of ^ is a 
straight line. Find also the equation to the locus of Q' 
the intersection of the perpendicular from A and the ordinate 
at P. 

23. PQ is a chord of a parabola, PT the tangent at P. 
A line parallel to the axis of the parabola cuts the tangent 
in T, the arc PQ in U, and the chord PQ in F. Shew that 

TE : EF :: PF : FQ. 

24. In a parabola whose equation is ■if = 4.ax, pairs of 
tangents are drawn at points whose abscissa are in the ratio 
of 1 : jji; shew that the equation to the locus of their inter- 
section will be 

when the points are on the same side of the axis, and 

when they are on different sides. 

25. Two straight lines are drawn from the vertex of 
a parabola at right angles to each other; the points where 
these lines meet the curve are joined, thus forming a right- 
angled triangle ; find the least area of this triangle. 

26. Let r and r be the lengths of two radii vectores 
drawn at right angles to each other from the vertex of a 
parabola; then 

27. Find the polar equation to the parabola referred to 
the foot of the directrix as origin and the axis of the curve as 
initial line. 
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28. If a line be drawn from tlie foot of the directrix 
cutting the parabola, the rectangle of the intercepts made by 
the curve is equal to the rectangle of the parts into which 
the parallel focal chord is divided by the focus. 

29. Find the polar equation to the parabola when the 
foot of the directrix is the origin and the initial line the 
directrix. 

30. A system of parallel chords is drawn in a parabola ; 
find the locus of the point which divides each chord into 
segments whose product is constant. 

B 

31. In a triangle ABC if tan A tan -^ = 2, and AB be 

fixed, the locus of C will be a parabola whose vertex is A 
and focus B. 

32. Find the equation to the parabola referred to tangents 
at the extremities of the latus rectum as axes. 

33. Find the equation to the parabola refen-ed to the 
normal and tangent at L as axes. 

34. Pis a point on a parabola; x',y', are its co-ordinates; 
find the equation to the circle described on 8P as diameter. 

35. Shew that the circle described on 8P as diameter 
touches the tangent at the vertex. 

36. If the line y = in {x — a) meets the parabola in [x', y') 
and ■(«", y") shew that 

x' + x" = -2a + ^; xfx" = a'; ^+3^' = ^; //' = -4a^ 

37. A circle is described on a focal chord of a parabola as 
diameter ; if m be the tangent of the inclination of this chord 
to the axis of .r, the equation to the circle is 

V iinrj m 
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38. Any circle described on a focal chord as diameter 
touches the directrix. 

39. If the focus of the parahok be the origin, shew that 
the equation to the tangent at [x', y') is 

yy =2a (x + x' + 2a) . 

40. If the focus of a parabola be the origin, shew that the 
equation to a tangent to the parabola is 

, , a 

ii = m(x + a) -\ — . 

41. Two parabolas have a common focus and axis, and a 
tangent to one intersects a tangent to the other at right 
angles ; find the locus of the point of intersection. 

42. If a chord of the parabola y^=^ax be a tangent of 
the parabola y^=%a {x—c), shew that the line x = c bisects 
that chord. 

43. From any point there cannot be drawn more than 
three normals to a parabola. 

44. In a parabola whose equation is y'= iax, the ordinates 
of three points such that the normals pass through the same 
point are y^, y.^, y^; prove that 2/i + «/.2 +3/3 = 0. Shew also 
that a circle described through these three points passes 
through the vertex of the parabola. 

45. If two of the normals which can be drawn to a para- 
bola through a point are at right angles, the locus of that 
point is a parabola. 

46. If two equal parabolas have the same focus and their 
axes perpendicular to each other, they enclose a space whose 
length PQ = twice the latus rectum, and breadth 

_ latus rectum 

47. Find the length of the perpendicular from an external 
point [h, k) on the corresponding chord of contact. 
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48. From an external point {h, h) two tangents are 
drawn to a parabola ; shew that the length of the chord of 
contact is 



49. From an external point {h, k) two tangents are drawn 
to a parabola ; the area of the triangle formed by the tan- 



gents and chord is 



2a 



50. Tangents to a parabola TP, Tp, are drawn at the 
extremities of a focal chord ; PG, pg, are normals at the 

same points. Shew that ^^7^ ^ = is invariable ; and that 

^ PG^ pg^ 

the normals subtend equal angles at T. 

51. Two equal parabolas have the same axis but their 
vertices do not coincide. If through any point on the inner 
curve two chords of the outer curve POp, Q Oq, be drawn 

POTOp'^ QO.Oq 
invariable. 



at right angles to one another, then -^^^ — ^— + -p^y^ — 7^^ is 



52. A circle described upon a chord of a parabola as 
diameter just touches the axis ; shew that if be the inclina- 
tion of the chord to the axis, 4a the latus rectum of the 
parabola, and c the radius of the circle, 

tan 6 = — . 
c 

53. If 6, 6', be the inclinations to the axis of the parabola 
of the two tangents through (A, h) shew that 

tan (9 + tan ^ = T ; tan 6 tan & = ~ . 
n h 

54. If two tangents be drawn to a parabola so that the 
sum of the angles which they make with the axis is constant, 
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the locus of their intersection will be a straight line passing 
through the focus. 

55. Shew that the two tangents through (Ji, k) are repre- 
sented by the equation 

h{y-'ky-h{y-^{x-h)+a{x-hY=Q; 
or (J^ - i.aJi) {f - iax) = {% -2a{x + h) }\ 

56. Shew that the lines drawn from the vertex to the 
points of contact of the tangents from (/i, k) are represented 
by the equation 

Jiy' = 2x {ley — 2ax) . 
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CHAPTER IX. 



THE ELLIPSE. 

158. To find the equation to the ellipse. 

The ellipse is the locus of a point which moves so that its 
distance from a fixed point bears a constant ratio to its dis- 
tance from a fixed straight line, the ratio being less than 
unity. 




Let 8 be the fixed point, YY' the fixed straight line. 
Draw 80 perpendicular to YY' ; take as the origin, 08 
as the direction of the axis of a;, OYas that of the axis of^. 

Let Pbe a point on the locus; join 8P; draw Pil/ parallel 
to or and PJV" parallel to OX. Let 08= p, and let ebe the 
ratio of 8P to PN. Let x, y, be the co-ordinates of P. 
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By definition, 

SP^e.PN; 

.: FM'+8M' = e'PN\ 

that is y^ + {x —pf = eV. 

This is the equation to the ellipse with the assumed origin 
and axes. 

159. To find where the ellipse meets the axis of x, we 
put ?/ = in the equation to the ellipse ; thus 

(a;-^)^ = eV; 

.'. X —p = ± ex; 

V 

.-. a; = — ^ . 
1 + e 

Let OA' = -^- and OA = rr— ; then^ and A' are points 
1+e 1-e' ^ 

on the ellipse. 

A and A' are called the vertices of the ellipse, and C, the 
point midway between A and A\ is called the centre of the 
ellipse. 

160. We shall obtain a simpler form of the equation to 
the ellipse by transferring the origin to A' or C 

I. Suppose the origin at A. 

Since OA! = —^ — , we put x = a;' + -~- and substitute 
1+e ^ 1+e 

this value in the equation 

y + {x — 'pf= ^di? ; 

thus y+(.'+^-^^_^) = e^(.^+-Z_)l 

P 



^^+(-'-iT^j = n- + i + 
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.'. y^ = 2.pex' — (1 — e' 



■=^ x' 



The distance A' A — —^ — ^-— = , ^ ., , we shall denote 

1 — e 1 + e 1 — e 

this by 2a ; hence the equation becomes 

We may suppress the accent if we remember that the origin 
is at the vertex A, and thus wi-ite the equation 

f={l-e'){2c^-x') (1). 

II. Suppose the origin at G. 

Since A G=a, we put x = x' + a and substitute this value 
in (1) ; thus 

f=[\- e') {2a (x' + a) - {x' + af} 

= {l-e'){a'-x"). 

We may suppress the accent if we remember that the origin 
is now at the centre G, and thus write the equation 

f={l-e^){a^-x^) (2). 

In (2) suppose x = 0, then y^={l — e') a' ; if then we denote 
the ordinate GB by b we have &' = (1 - e') a'; thus (1) may 
be written 

f = ^,{'iax-a^) (3), 

CI 

and (2) may be written 

b' 



f = "{a'-x^) (4), 



a 



or, more symmetrically. 



^' + 1 = 1, or ay+JV = a^&= (5). 

a 
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161. Since A'S=eOA' and 0A'=-^—, we have 

l + e 

l+e e 

8C = A'G-A'S=a-a{l-e)=ae, 

OC=A'C+ OA'^a+^^^—^ = -. 

e e ' 

-^ e 

162. We may now ascertain the form of the ellipse. Take 
the equation referred to the centre as origin 

y = 5(a^-a=^) (1). 



K' 



13 
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IC 



X 



For every value of x less than a there are two values of y^ 
equal in magnitude hut of opposite sign. Hence if P be a 
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point in the curve on, one side of the axis of x there is a point 
P' on the other side of the axis such that P'M= PM. Hence 
the curve is symmetrical with respect to the axis of x. Values 
of X greater than a do not give possible values of y ; hence, 
GA being equal to a, the curve does not extend to the right 
of^. 

If we ascribe to x any negative value comprised between 
and — a, we obtain for y the same pair of values as when we 
ascribed to x the corresponding positive value between 
and a. Hence the portion of the curve to the left of YY' is 
similar to the portion to the right of YY'. 

As the equation (1) may be put in the form 

^ = '^.Q>'-f) (2), 

we see that the axis of y also divides the curve symmetrically 
and that the curve does not extend beyond the points B and 
B', where GB and GB' each = h. 

The line E'K' is the directrix; 8 is the corresponding 
focus. 

Since the curve is symmetrical with respect to the line 
YGY', it follows that if we take Gn= GS and GE= GE', 
and draw EK perpendicular to CE, the point H and the line 
EK will form respectively a second focus and directrix by 
means of which the curve might have been generated. 

163. The point G is called the centre of the ellipse because 
every chord of the ellipse which passes through G is bisected in 
G. For suppose ih, k) to be a point on the curve, so that 
the equation 

2 2 

is satisfied by the values x = h,y = h; then (- h, - h)_ is also 
a point on the curve, because since x = h, y = h, satisfy the 
above equation, it is obvious that a; = - A, y = — k, will also- 
satisfy it. Hence to every point P on the curve there corre- 
sponds another point P^ in the opposite quadrant, such that 
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PGP, is a straight line and P, (7 = PC. Hence every chord 
passing through G is bisected in G. 

164. We have drawn the curve concave towards the axis 
of X ; the following proposition will justify the figure. 

The ordinate of any point of the curve which lies between 
a vertex and a fixed point of the curve is greater than the 
corresponding ordinate of the straight line joining that vertex 
and the fixed point. 

Let A be the vertex and take it for the origin ; let P be 
the fixed point ; x', y', its co-ordinates. Then the equation 
to the ellipse is (Art. 160) 

if^-^i^ax-oi?). 

The equation to A'P is y = ^—x, or, y = - ./ l—r — l\x, 
since ix, y) is on the ellipse. 

Let X denote any abscissa less than x', then since the 
ordinate of the curve is -\/{2ax — a?) or - \/ [ IjiCj 

and that of the straight line is - . / f — ^ — 1 j «, it is obvious 

that the ordinate of the curve is greater than that of the 
line. 

165. AA' and BB' are called axes of the ellipse. The 
axis AA! which contains the two foci is called the major axis 
and sometimes the transverse axis; BB' is called the minor 
axis and sometimes the conjugate axis. 

The ratio which the distance of any point in the ellipse 
from the focus bears to the distance of the same point from 
the corresponding directrix is called the excentricity of the 
ellipse. We have denoted it by the symbol e. 

To find the latus rectum (see Art. 128) we put x = GIT, 
that is, = ae, in equation (1) of Art. 162 ; thus 

_ &V(l-e-) _y. 

■? ~ „2 ~ „"> 
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.'. LH= — , and the latus rectum = — . 
a a 

Since b'' = a' — aV; .-. b^ + aV = a^; that is, 

.: BH=a; 
similarly, B8 = a. 

166. To express the focal distances of any point of the 
ellipse in terms of the abscissa of the point. 
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Let 8 he one focus, E'K' the corresponding directrix ; H 
the other focus, EK the corresponding directrix. Let P he a 
point on the ellipse ; x, y, its co-ordinates, the centre being 
the origin. Join 8P, HP, and draw N'PN parallel to the 
major axis, and PJf perpendicular to it. 

Then SP=ePN' = e{E'C+ CM) =e(^^ + x'j=^a + ex. 
Also, HP=ePN=eiCE-CM)=e(^-x^ = a-ex. 



T. C. S. 



10 
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Hence 8P-\-HP= la ; that is, the sum of the focal distances 
of any point on the ellipse is equal to the major axis. 

V- 
167. The equation if = —2 {a^ — a?) may be written 



7f=—{a — x) (« + «). 

Hence, (see Fig. to Art. 162) 

Pl/^ _ BC 
AM. MA" AG'' 

168. Let a circle he described on the major axis of the 
ellipse as a diameter; its equation referred to the centre as 
origin will be 

Hence if any ordinate MP of the ellipse be produced to meet 
the circle in P' we have 

Pilf" = -^ PM'' ■ 

PM b 
'"' P'M~ a' 

Join P' with C the centre of the ellipse; let P'CM=(p, 
and let x, y, be the co-ordinates of P; then 



X = CP' cos ^ = a cos <f>, 



y = -P'M= -asmd>=i sin (h. 
a a ^ ^ 



These values of x and y are sometimes useful in the solu- 
tion of problems. 
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The angle POM is called the excentric angle of the 
point P. 

169. From Art. 160 we see that the equation to the 
ellipse when the vertex is the origin is 

y = l^pex - (1 - e') a?. 

If we suppose e—l, this becomes 

y' = '2px, 

which is the equation to a parahola whose latus rectum is 2p. 
Also in the ellipse 



a = 



1-e 



AH 



„ 5 = aV(l-eO = 



V(l-e^) ' 



or a (1 — e) = - 



ep 



10—2 
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If we now make e = 1, we have a and Z> infinite, and 

a (1 — e) =-^. Thus if we suppose the distance between the 

vertex and nearer focus of an ellipse to remain constant 
while the excentricity approaches continually nearer to unity, 
the major and minor axes of the ellipse increase indefinitely 
and the ellipse about the vertex approximates to the form 
of a parabola. 

Thus if any property is established for an ellipse we may 
seek for a corresponding property in the parabola by referring 
the ellipse to the vertex as origin and examining what the 
result becomes when e is made to approach continually to 
unity, while the distance between the vertex and the nearer 
focus remains constant. 



Tangent and Normal to an Ellijpse. 

170. To find the equation to the tangent at any point of 
an ellipse. (See Def. Art. 90.) 

Let x', y', be the co-ordinates of the point, 

x", y" the co-ordinates of an adjacent point on the 
curve. 

The equation to the secant through these points is 

y-y'^i^'^^-^') (1); 

since [x, y) and (x", y") are points on the ellipse, 

••• ci'[y"'-y")^V'{x'-^')^^; 

y" —y'_ h^ x ■\- x' 
' ' x" —x' ~ a^'y" + y' ' 
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Hence (1) may te written 

Now in the limit x" — x, and y" = y' ; hence the equation 
to the tangent at the point [x', y') is 

y~y'=--^,{^-^') (2). 

This equation may be simplified ; multiply hy a^y', thus 
a^yy' + Vxai = aY + &'«" = a'b\ 

171. The equation to the tangent can he conveniently 
expressed in terms of the tangent of the angle which the 
line makes with the major axis of the ellipse. 

For the equation to the tangent at [x', y') is 

d^yy' + Vocx = aW, 

Fx' V 
or y = ^,x+-. 

ay y 

Fx 
Let — 5—7 = m ; thus the equation becomes 
a y 

F 
y = mx + j,; 

V 
we have then to express — in terms of m. 

Now Vx' = — a'y'm, 

and ay+bV = aV; 

4 2 '2 

„ ,„ amy „,„ 

••• aY+—yr- = <^i; 

.: f (aW + F) = h\ 

... -' = V(aW+5\ 

y 
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Hence the equation to the tangent may be written 

y = mx + '^{c^n^ + V). 

Conversely every line whose equation is of this form is 
a tangent to the ellipse. 

It may be shewn as in Arts. 93, 94, that the tangent at 
any point of an ellipse meets it in only one, point, and that 
a line which meets an ellipse in only one point is the tangent 
at that point. 

172. The tangents at the extremities of either axis are 
parallel to the other axis. 

For the co-ordinates of ^ are a, 0. (See Fig. to Art. 162.) 
Hence, putting x = a, y' = 0, the equation 

c^yy' + yxx = c^V 

becomes x = a, 

which is the equation to a line through A parallel to GY. 
Similarly the tangent at A' is parallel to GY, and the tan- 
gents at B and B' are parallel to GX. 

173. To find the equation to the normal at any point of 
an ellipse. (See Def. Art. 97.) 

Let xf, y', be the co-ordinates of the point ; the equation 
to the tangent at that point is 

y = r- ,a;+-; (1). 

<^y y 

The equation to a line through [x!, y') perpendicular to 

(1) is 

y-y'=^,{^-=^') • (2). 

This is the equation t6 the normal at {x',y'). 
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174. The equation to the normal may also be expressed 
in terms of the tangent of the angle which "the line makes with 
the major axis of the ellipse. 

The equation to the normal at [x', y') is 



ay 
Let ~; — m ; thus the equation becomes 

y = mx ^y (1); 

2 7 2 

we have then to express — y^— y' in terms of m. 

Now, 5V = ^, 

m 

and dY-^Vx^ = o^V; 

^ bm 

Hence (1) becomes 

y-'^'^ ^{hV + a^)' 

175. We shall now deduce some properties of the ellipse 
from the preceding articles. 

Let x', y, be the co-ordinates of P; let PT be the tangent 
at P, and PG the normal at P; PM, PJSf, perpendiculars on 
the axes. 

The equation to the tangent at P is 
a'yi/' + h'xx' = aV. 

Let y = 0, then a; = — , hence 
oc 

^-^~ CM' 
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.-. CM. GT= GA\ 
Similarly, if the tangent at Pmeet CFin T', 

GN. OT' = GB\ 
176. The equation to the normal at P is 

y-y =^('^-^)- 

At the point G where the normal cuts the major axis, 
^ = 0, hence from the above equation 



.•. x = x' {\ — A= ix. 

Thus GG = iGM. 

At the point G' where the normal cuts the minor axis, 
a; = 0, hence from the aboTe equation 

2 / 2 2 

y=y -^ = --iry- 



Thus 



CG' = ~PM. 
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177. The lengths of PG and PG' may be conveniently- 
expressed in terms of the focal distances of P. 

PG' = PM'+G1P 
= y" + x"il-ey 



=/■ 
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liet 8P=r', HP=r; then 

r' = a + ex', r = a — ex'; 

thus PG' = ^^. 

Similarly, it may be shewn that 
p^,2 _ arr 

-fix - ^, . 

178. The nm'mal at any point bisects the angle between the 
focal distances of that point. 

Let x, y, be the co-ordinates of P; the co-ordinates of S 
are — ae, ; hence the equation to 8P is, (Art. 35), 



y 

The equation to the normal at P is 

a 

h'x 



y=^^{x + ae) (1). 



y-y =!£•{'' -^)- 



154 PERPENDICULAR ON THE TANGENT. 

Hence the tangent of the angle GPS 

2 ' ' 

ay y 

_ h'cd x' + ae _ {a^ — V) x'y + a^ey' 



6V [x + ae) 



„2„2^' 



aexy +aey eay 
d'b' + Vx'ae ~ b'' 



The equation to HP is 



2/ 



« = -T^^ — (x — ae) : 
•^ X — ae^ ' 

hence it may he shewn that the tangent of the angle QPH 



, eay 

also = -^ ; 



8Pa = HPG. 



Hence SPT' = HPT; that is, the tangent at any point is 
equally inclined to the focal distances of that point. 

179. The preceding proposition may also he established 
thus: 

CG = e'x', (Art. 176); 

.*. 8G = ae + eV, 
and HG = ae— e'x. 

Also SP = a + ex , HP = a — ex; hence 
SG _ 8P 
HG~MF' 
therefore by Euclid VI. 3, PG bisects the angle SPH 

180. To find the locus of the intersection of the tangent at 
any point with the perpendicular on it from the focus. 

Let y-=mx-\->^ ilj' + m^a^) (1) 

be the equation to a tangent to the ellipse, (Art. 171); then 
the equation to the perpendicular on it from the focus H is, 
(see fig. to Art. 175), 

y = --{x-<^) (2). 
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If we suppose x and ^ to have respectively the same values 
in (1) and (2), and eliminate m between the two equations, 
we shall obtain the required locus. 

From (1) y-mx = a/(6° + mV) ; 

from (2) my + x = ae; 

square and add, then 

(/ + x^) (1 + m^) =b' + mV + aV 

/. f + x' = a' 

is the equation to the required locus, which is therefore a 
circle described on the major axis of the ellipse as dia- 
meter. 

We have supposed the perpendicular drawn from S; we 
shall arrive at the same result if it be drawn from 8; hence 
if MZ, 8Z', be these perpendiculars, CZ and CZ' each = a. 

181. To find the length of the perpendicular from the focus 
on the tangent at any point. 

The equation to the tangent at the point {x, y) is 
.Vx' , y" 

•J a'y y 

The co-ordinates of the focus ^are ae, 0. But if ^ denote 
the length of the perpendicular from a point [x^, y^ on the 
line y = mx + c, by Art. 47 



l + m== 

In the present case 

a;, = ae, y^ = 0, 

Vx P 

m = 2-7) . c = — ; 

ay y 
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/Vx'ae bY 



J- 1 4 '2 

_ a%'{a-exy _ a%^ [a - ex')" 
~ d' {cfF - Vx") + h'x'^ ~ c? {a' - e'd") 

a + ex J. ' \ 
Since r' = 2a — r we have p^ = . 

Similarly Up be tlie perpendicular from S on the tangent 
at («', y') we snail find 

„ bV 

.'. j^' = b^, 

182. From any external point two tangents can be drawn to 
an ellipse. 

Let the equation to the ellipse be 

aY + y3? = aV (1), 

and let A, Tc, be the co-ordinates of an external point. Sup- 
pose x', y, the co-ordinates of a point on the ellipse, such 
that the tangent at this point passes through [h, k). The 
equation to the tangent at («', y) is 

a"yy' + Vxx' = a%^ (2). 

Since this tangent passes through (Ji, h) 

aVcy' + FTix' = a"V (3). 

Also since {x, y) is on the ellipse 

aY + h''x^ = a'y' (4). 

Equations (3) and (4) determine the values of x and y. 
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Substitute from (3) in (4),. thus 



ak J 

or, «'=' [a'F + FJi^) - 'ia^V'lx + a* (5' - Ti) = 0. 

The roots o£ this quadratic will be found to be both pos- 
sible since Qi, It) is an external point and therefore c^li + Wl^ 
greater than (^W. 

The line which passes through the points where these tan- 
gents meet the ellipse is called the chord of contact. 

183. Tangents are drawn to an ellipse from a given external 
point; to find the equation to the chord of contact. 

Let h, h, be the co-ordinates of the external point; x^, y^, 
the co-ordinates of the point where one of the tangents from 
(A, k) meets the ellipse; x^, y,^, the co-ordinates of the point 
where the other tangent from (h, k) meets the ellipse. 

The equation to the tangent at {x^, y^ is 

a^yy^+Vxx^=za^W (1) ; 

since this tangent passes through {Ji, k) we have 

a^ky^ + Fhx^ = a%'' (2). 

Similarly, since the tangent at [x^, y.^ passes through 
Qi, k) 

aVcy^ + mx^=^a^h\... (3). 

Hence it follows that the equation to the chord of contact is 

a^ky-\-h''hx = aV (4). 

For (4) is obviously the equation to some straight line; also 
this line passes through {x^, y^ for (4) is satisfied by the 
values x = x^, y=yi, as we see from (2) ; similarly from (3) 
we conclude that this line passes through {x^, y^. Hence (4) 
is the required equation. 

Thus we may proceed as follows in order to draw tangents 
to an ellipse from a given external point — draw the line 
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which is represented by (4) ; join the points where it meets 
the ellipse with the given external point, and the lines thus 
obtained are the required tangents. 

184. Through any fixed point chords are drawn to an 
ellipse., and tangents to the ellipse are drawn at the extremities 
of each chord; the locus of the intersection of the tangents is a 
straight line. 

Let h, h, be the co-ordinates of the point through which 
the chords are drawn ; let tangents to the ellipse be drawn at 
the extremities of one of these chords and let (aj^, y^ be the 
point in which they meet. The equation to the corresponding 
chord of contact is, by Art. 183, 

a^yy^ + b^^x^ = a%^. 
But this chord passes through [h, Tc) ; therefore 

a^ky^ + Vhx^ = c^W. 
Hence the point (as^, 3/J lies on the line 

c^hj + Whx = o^W ; 

that is, the locus of the intersection of the tangents is a 
straight line. 

We will now prove the converse of this proposition. 

185. If from any point in a straight line a pair of tangents 
he drawn to an ellipse the chords of contact will all pass through 
a fixed point. 

Let ^a; + %+C=0 (1) 

be the equation to the straight line ; let [x, y) be a point in 
this line from which tangents are drawn to the ellipse ; then 
the equation to the corresponding chord of contact is 

a'yy' + Fxx' = a%'' (2). 

Since [x', y) is on (1) 

Ax' + By' + C = 0; 
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therefore (2) may be written 

Vxoi ^ — «V = «^^^ 

{l^a.-^y'_^y^a%^=0 (3). 

Now, whatever be the value of x, this line passes through 
the point whose co-ordinates are found by the simultaneous 
equations 

that is, the point for which 

_ BF Aa' 

y~~ (7 ' '^~ c • 

186. The student should observe the different interpreta- 
tions that can be assigned to the equation 

dhy + y}ix = a%^. 

The statements in Art. 103 with respect to the circle may 
all be applied to the ellipse. 



EXAMPLES. 

1. What is the excentricity of the ellipse 2a;'' + 3/ = c^? 

2. Find the equation to the tangent at the end of the 
latus rectum L. (See Fig. to Art. 162.) Also find the lengths 
of the intercepts of this tangent on the axes. 

3. Write down the equation to the normal at L. 

4. If the normal at L passes through the extremity of the 
minor axis B' what is the excentricity of the ellipse ? 

5. Find the equations to AB and CL. (See Fig. to Art. 
162.) What is the excentricity of the ellipse if these lines are 
parallel ? 
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6. Find the equation to B'H and determine the abscissa 
of the point where this line cuts the ellipse again. 

7. Find the equation to AL, and determine the angle 
between this line and the tangent at L. 

8. If from the point P whose abscissa is x, a line be 
drawn through H, determine the abscissa of the point where 
it meets the ellipse again. 

9. Find a point in the ellipse such that the tangent there 
is equally inclined to the axes. 

10. Find a point in the ellipse such that the intercepts 
made by the tangent on the co-ordinate axes are proportional 
to the con-esponding axes of the ellipse. 

11. P is a point on an ellipse, y its ordinate ; shew that 

tan APA'=-^. 
aey 

12. P is a point on an ellipse, y its ordinate ; shew that 

the tangent of the angle between the focal distance and the 

. W 

tangent at P is . 

° aey 

13. If ^ denote the angle mentioned in the preceding 
question 

Pa=V(a=-&'cot». 

14. From P a point in an ellipse lines are drawn to A, A!, 
the extremities of the major axis, and from A, A', lines are 
drawn perpendicular to AP, AP; shew that the locus of their 
intersection will be another ellipse, and find its axes. 

15. If any ordinate MP be produced to meet the tangent 
at L in Q, prove that QM=PH. (See Fig. to Art. 162.) 

16. If a series of ellipses be described having the same 
major axes the tangents at the ends of their latera recta will 
pass through one or other of two fixed points. 
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17. If tlie focus of an ellipse he the common focus of two 
parabolas whose vertices are at the ends of the axis major, 
these parabolas will intersect at right angles, at points whose 
distance from each other is equal to twice the minor axis. 

18. Shew that the length of the longer normal drawn 
from a point in the minor axis of an ellipse at a distance c 
from the centre and intercepted between that point and the 
curve is 



("•-D^- 



19. If any parallel straight lines be drawn from the focus 
Zf and the extremity A of the axis major of an ellipse, and 
if M and N be the points where they meet the axis minor, or 
the axis minor produced, then the circle whose centre is M 
and radius NA will either touch the ellipse, or fall entirely 
outside of it. 

20. A and A' are the extremities of the major axis of an 
ellipse, T is the point where the tangent at the point P of 
the curve meets AA' produced ; through T a line is drawn 
perpendicular to AA' and meeting AP and A'P produced in 
Q and B respectively; shew that QT=B,T. 

21. If ^, ^', be the excentric angles of two points, the 
equation to the chord joining the points is 

- cos ^hr^+ r sm ^^— ^ = cos -^^— ^ . 

22. Express the equation to the tangent at any point in 
terms of the excentric angle of that point. 

23. Shew that the equation to the normal at the point 
whose excentric angle is is 

ax sec ^ — % cosec ^ = a" — V. 

24. The locus of the middle point of PG (see Art. 176) is 
an ellipse of which the excentricity e is connected with that 
of the given ellipse by the equation 

l-e»=(l + eT(l-e'^). 
T.C. S. 11 
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25. Determine the point of intersection of the tangent at 
L with the line SB ; what is the value of the excentricity of 
the ellipse when these lines are parallel ? 

26. A tangent at any point P of an ellipse meets the 
directrix EK in T and E'K' in J", shew that TE varies as 
the cotangent of FliS and T'E' varies as the cotangent of 
PSH. (See Fig. to Art. 162). 

27. If the straight line y = mx + c intersect the ellipse 
a^y" + Vx^= a^lf, shew that the length of the chord will be 

2a5v'{(l+m^) (mV + Z'--c')} 
mV + 5' 

Hence find the relation between the constants that this line 
may be a tangent to the ellipse. 

28. Find the equation to the circle described on IIP as 
diameter, supposing x, y, the co-ordinates of P. 

29. Shew that any circle described on HP as diameter, 
touches the circle described on the major axis as diameter. 

30. From a point (Ji, 7c) two tangents are drawn to an 
ellipse ; find the sum of the perpendiculars from the foci on 
the chord of contact. 

31. Any ordinate PM of an ellipse is produced to meet 
the circle on the axis major in Q and normals' to the ellipse 
and circle at P and Q respectively meet in B ; find the locus 
ofB. 

32. Two ellipses have a common centre and their axes 
coincide in direction ; also the sum of the squares of the axes 
is the same in the two ellipses ; find the equation to a common 
tangent. 

33. If 6, 6', be the inclinations to the major axis of the 
ellipse of the two tangents that can be drawn from the point 
(A, k) shew that 

tan + tan6' = — = — ^„ , tan ^ tan ^' = - ~ '^ 



a'-h" d'-J^ 
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34._ Find the locus of a point such that the two tangents 
from it to an ellipse are at right angles. 

35. _ Shew that the two tangents which can be drawn to 
an ellipse through the point {Ji, h) are represented by 

{a'-h'){y-Jcy+2{y-7c){x-Ji)hJc+{h'-¥){x-hy = 0, 
or by 

ia%' + VK - a^W) (ay + 5V - c^V) = {alcy + Vhx - a'h'f. 

36. Tangents are drawn to an ellipse from the point {h, Je) ; 
shew that the lines drawn from the origin to the points of 
contact are represented by 

«' /_ /«^ %' 

37. Pairs of radii vectores are drawn at right angles to 
each other from the centre of an ellipse ; shew that the tan- 
gents at their extremities intersect in the ellipse 

^ t-1 i 

38. From an external point T whose co-ordinates are h 
and k a line is drawn to the centre G meeting the ellipse in 
B, shew that 

OR' ~ dT • 

39. From an external point (A, It) tangents are drawn ; if 
x^, x^, be the abscissas of the points of contact, shew that 

'ihaW _ a' (y - ¥) 

40. From an external point [k, h) tangents are drawn 
meeting the ellipse in P and Q ; find the value of HP.HQ, 
H being a focus. 

41. From an external point T the lines TP, TQ, are 
drawn to touch the ellipse in P and Q. OT cuts the ellipse 

11—2 
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in i?, and UN is drawn parallel to KT to meet the axis major 
in N; shew that HF. HQ = RN\ 

42. Two ellipses of equal excentricity and whose major 
axes are parallel can only have two points in common. Prove 
tliis, and shew that if three such ellipses intersect, two and 
two in the points P and P, Q and Q', R and R', respectively, 
the lines PP', Q Q', RR, meet in a point. 

43. Two concentric ellipses which have their axes in the 
same direction intersect, and four common tangents are drawn 
so as to form a rhombus, and the points of intersection of the 
ellipses are joined so as to form a rectangle ; prove that the 
product of the areas of the rhombus and rectangle is equal to 
half the continued product of the four axes. 

44. If the ordinate at any point P of an ellipse be pro- 
duced to meet the circle described on the major axis as 
diameter in Q, prove that the perpendicular from the focus 8 
on the tangent at Q is equal to SP. 

A6. Find the equation to the ellipse referred to axes 
passing through the extremities of the minor axis, and meet- 
ing in one extremity of the major axis. 

46. If from points of the curve — 2 + ^ = (a'' — l/f, tangents 

be drawn to the ellipse -2 +'t2= 1; the chords of contact will 
be normal to the ellipse. 

47. Prove the proposition in Art. 180 in a manner similar 
to that used in Art. 138. Also prove the proposition in Art. 
138 in a manner similar to that used in Art. 180. 

48. Find the equation to the ellipse the origin being the 
point (A, Tc) on the ellipse and the axes parallel to the axes of 
the ellipse. 

49. From a point P on an ellipse two chords PQ, PQ', are 
drawn meeting the ellipse in Q, Q' • if h, k, be the co-ordi- 
nates of Preferred to the centre, and mx + ny=l the equation 
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to QQ' referred to P as origin, shew that the lines PQ, PQ', 
are represented by 

with P as oriffin. 



"^tp* 



50. Let P be any point in an ellipse ; draw PP' parallel 
to the major axis and cutting the curve in P'; through P draw 
two chords PQ, PQ, making equal angles with the major 
axis; join QQ' ; QQ' shall be parallel to the tangent at P'. 

51. From the equation y = mx + \/{rnV + V) deduce the 
equation to the tangent to the parabola. 

52. In the figure of Art. 175 suppose GP produced to a 
point Q such that GQ = n. GP, and find the locus of Q. 

53. If PN be any ordinate of a circle, and from the ex- 
tremity A of the corresponding diameter AB, -4 ^ be drawn 
meeting PN in Q, so that ^ Q = PN, find the locus of Q and 
the position of its focus. 

54. Express the tangent of the angle between CP and the 
normal at P in terms of the co-ordinates of P. 

55. Find the greatest value of the tangent of the angle 
between CP and the normal at P. 

56. The major axis of an ellipse is equal to twice the 
minor axis ; a line of length equal to half the major axis is 
placed with one end on the curve and the other on the minor 
axis ; shew that the middle point of the line is on the major 
axis. 

57. A circle is inscribed in the triangle formed by two 
focal distances and the major axis of an ellipse ; find the locus 
of the centre. 

58. If 8Z', HZ, be perpendiculars on the tangent at the 
point P of an ellipse, 8Z and HZ' will intersect on the normal 
at P. 
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THE ELLIPSE CONTINUED. 



Diameters. 

187. To find the length of a line drawn from any ^oint in 
a given direction to meet an ellipse. 

Let x , y', be the co-ordinates of the point from which the 
line is drawn ; x, y, the " co-ordinates of the point to which 
the line is drawn ; 6 the inclination of the line to the axis of 
X ; r the length of the line ; then (Art. -27) 

a; = a;' + r cos ^, y = y' + rsin6 (1). 

If {x, y) be on the ellipse these values may be substituted 
in the equation 

aY+Va? = a^V; thus 

a= (?/' -K r sin Q^ + V {x + r cos 6)' = a'F ; 

.: r (a' sin' 6 + V cos' 6) + 2r {aSj sin 6 + Vx' cos 6) 

+ ay-hSV'-a'^-' = (2). 

From this quadratic two values of r can be found which are 
the lengths of the two lines that can be drawn from {x', y') 
in the given direction to the ellipse. 

188. To find the diameter of a given system of parallel 
chords in an ellipse. (See definition in Art. 148.) 

Let 9 be the inclination of the chords to the major axis of 
the ellipse ; let x, y, be the co-ordinates of the middle point 
of any one of the chords ; the equation which determines the 
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lengths of the lines drawn from {x, y') to the curve is 
(Art. 187) 

/•' {a^ sin' e + h'' cos' 6) + 2r {a^ sin 6 + Vx' cos 61) 

+ ay' + &V'-a='&' = ....(1). 

Since [x, y) is the middle point of the chord, the values of r 
furnished by this quadratic must he equal in magnitude and 
opposite in sign; hence the coefficient of r must vanish ; thus 

«Ysin^ + &Vcos0 = O, or y' = 5 cot ^. a;' (2). 

Considering x and y' as variable, this is the equation to a 
straight line passing through the origin, that is, through the 
centre of the ellipse. 

Hence every diameter passes through the centre. 

Also every straight line passing through the centre is a 
diameter, that is, bisects some system of parallel chords; for 
by giving to ^ a suitable value the equation (2) may be made 
to represent any line passing through the centre. 

If 6' be the inclination to the axis of x of the diameter 
which bisects all the chords inclined at an angle 6 we have 
from (2) 

tan & = 5 cot ^ : 

a^ ' 

12 
.•. tan d tan 6' = ^2 (3). 



189. If one diameter hisect all chords parallel to a second 
diameter, the second diameter will hisect all chords jparallel to 
the first. 

Let 6^ and 6^ be the respective inclinations of the two 
diameters to the major axis of the ellipse. Since the first 
bisects all the chords parallel to the second, we have 

tan 6. tan 6,= 5 . 

2 1 a 
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And tills is also the only condition that must hold in order 
that the second may bisect the chords parallel to the first. 

190. The tangent at either extremity of any diameter is 
parallel to the chords which that diameter bisects. 

Let h, k, be the co-ordinates of either extremity of a 
diameter; the inclination to the major axis of the ellipse 
of the chords which the diameter bisects. Then the values 
x = h, y = Jc, must satisfy the equation 

d'y sin 6 + h''x cos6 = ; 

.•. tan = KT . 

d'k 

But, by Art. 170, the equation to the tangent at {h, k) is 

Hence the tangent is parallel to the bisected chords. 

191. Def. Two diameters are called conjugate when each 
bisects the chords parallel to the other. 

From Art. 190 it follows that each of the conjugate diameters 
parallel to the tangent at either extremity of the other. 

192. Given the co-ordinates of one extremity of a diameter 
to find those of either extremity of the conjugate diameter. 

Let AC A', BOB', be the axes of an ellipse; PGP, BCD', 
a pair of conjugate diameters. 

Let x, y, be the given co-ordinates of P; then the equation 
to CP is 

y=i^ (!)• 

Since the conjugate diameter BB' is parallel to the tangent at 
P the equation to BB' is 

y=^-~x (2). 

^ ay ^ 



CONJUGATE DIAMETERS OF THE ELLIPSE. 

r 
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We must combine (2) with the equation to the ellipse to 
find the co-ordinates of D and D'. Substitute from (2) in 



then 



a y 

4 '2 2 'a 

. ,.. ay _«'y . 



.. x-± J , 

.-. from (2)y = +-^. 

In the figure the abscissa of D is negative and that of D' 
positive ; hence the upper sign applies to D' and the lower 
to-O. 

The properties of the ellipse connected with conjugate 
diameters are numerous and important; we shall now give 
a few of them. 
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193. The sum of the squares of two conjugate semi-diameters 
is constant. 

Let cc, y, be tlie co-ordinates of P; then by tlie preceding 
article 

•^ a 

' F '^ d' 
= a^ + h\ 

Thus the sum of the squares of two conjugate semi-diame- 
ters is equal to the sum of the squares of the semi-axes. 

194. The area of the parallelogram lohich touches the ellipse 
at the ends of conjugate diameters is constant. 

Let PGP', BCD', be the conjugate diameters (see Fig. to 
Art. 192). The area of the parallelogram described so as to 
touch the ellipse at P, D, P', D', is AGP. CD sin PCD, or 
4p . GD, where p denotes the perpendicular from G on the 
tangent at P. Let x, y', be the co-ordinates of P; then the 
equation to the tangent at Pis 

J aSj y 
Hence, (Art. 47), 

If 



p = 



£ aV 



1+ 4 -. 



.-. 4p.GD = Aab. 

Thus the area of any parallelogram which touches the 
ellipse at the ends of conjugate diameters is equal to the area 
of the rectangle which touches the ellipse at the ends of the 
axes. 
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195. Let a', h', denote the lengths of two conjugate semi- 
diameters ; a the angle between them ; by the preceding 
article 

a'h' sin a. = ah; 

.•. sm a 



a'-'b''' ~ {ar'+ by- {a''- by {a'+by - {a''- by " 

Hence sin^a has its least value when a' = b', and then 

2ab 
sm a = -^— T2 . 
a +b 

196. From Art. 194 we have 

^ ~'GW ~a' + b'-CF' ' ^ '• 

This gives a relation between p the perpendicular from the 
centre on the tangent at any point P and the distance CP of 
that point from the centre. 

We may also express p in terms of the angle its direction 
makes with the axis major ; for let (f) denote the angle, then 
the equation to the tangent at {x', y') may be written 

a^yy' + Vxx' = <ib\ 

and also in the form (Art. 20), 

X cos ^+y sm(f> =p. 

Ip _V' P _^ . 

sin ^ y' ' cos ^ x' ' 

ab^ sin <f) 



Hence 



ay = 
bod = 



a^b cos <^ 
a'b' 



and .-. aT=^ (J^sin> +a'cos'(^) ; 
p 

.-. p^ = b'' sin^ <^ + a^ cos" 

= a^(l-e"sin». 
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197. Let <ji and </>' be the excentric angles corresponding 
to Pand Z> respectively (Art. 168). Then 



a^ = acos^ (1), 2/'= 5 sin ^ (2), 

j- = acos^' (3), — =&sin<^' (4). 



From (2) and (3) cos <^' = — sin 0, 
from (1) and (4) sin (p' = coS(f>; 

198. To find the equation to the ellipse referred to a pair 
of conjugate diameters as axes. 

Let CP, CD, be two conjugate semi-diameters (see fig. to 
Art. 192), take GP as the new axis of x, GD as that of y; 
let PGA = a, DGA =/8. Let x, y, be the co-ordinates of any 
point of the ellipse referred to the original axes ; a;', y', the 
co-ordinates of the same point referred to the new axes ; then 
(Art. 84) 

a; = 33' cos a -1- 2/' cos /S, 

2/ = a/ sin a + 2/' sin /3. 

Substitute these values in the equation 

then a^ {x' sin a + / sin py-\-V {x' cos a + ?/' cos /3)' = aV, 
or vT' {a" sin' a + b^ cos' a) + /"= {a" sin' yS 4- 5' cos' yS) 

+ 2x'y' (a' sin a sin /S + 5' cos a cos /3) = a'J'. 
But, since CP and GD are conjugate semi-diameters, 

tan a tan B = — ; : 
^ a" 

hence the coefScient of xi'y' vanishes, and the equation be- 
comes 

cc" (a' sin' a + S' cos' a) + y" (a' sin' /3 + 6' cos' /3) = a' J'. 
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In this equation, suppose «' = 0, then 

_ This is the value of Clf, which we shall denote by b'^; 
similarly we shall denote CP' by a'^, so that 

a = 



a^aio' a..+ b^cos,^a' 



Hence the equation, to the ellipse referred to conjugate 
diameters is 






or, suppressing the accents on the variables, 
^ + 1=1 



199. A particular case of the preceding is when a' = b'; 
then 

a" sin'' ^ + ¥ cos' /8 = a' sin' a + F cos" a ; 
.-. a' {sin" /3 - sin' a) = F (cos'' a - cos' /3) 
= &'(sin'(8-sin'a); 
.-. (a' - J') (sin' j8 - sin" a) = ; 
.■. sin' /3 = sin' a ; 
.•. /3 = 7r — a. 

And since a" = 5" each of them = ^-^ , (Art. 193). 

Hence from the value of a" in the preceding article, we 
have 

2 a' sin' a + 6' cos' a' 
... (o= + b') {(a'- 6') sin' a + 6'} = 2a'&' ; 
a'S'-J« J' 



.•, sin' a =7-2 



{a'+b'){<f-b') a' + 6'' 
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This shews that the equal conjugate diameters are parallel 
to the lines BA and BA'. 

200. The equation to the tangent to the ellipse will be of 
the same form whether the axes be rectangular or the oblique 
system formed by a pair of conjugate diameters ; for the inves- 
tigation of Art. 170 will apply without any change to the 
equation a^if + h'^x' = a'^5'^ which represents an ellipse re- 
ferred to such an oblique system. 

201. Tangents at the extremities of any chord of an ellipse 
meet in the diameter which bisects that chord. 

Refer the ellipse to the diameter bisecting the chord as the 
axis of X, and the diameter parallel to the chord as the axis 
of y ; let the equation to the ellipse be 

a!Y + 5'V = a%'\ 

Let x', y', be the co-ordinates of one extremity of the chord ; 
then the equation to the tangent at this point is 

a'Sjy' + l"xx'=^a'%" (1). 

The co-ordinates of the other extremity of the chord are 
x , —y, and the equation to the tangent there is 

-a:'yy'+h'''xx'=^a:^b"' (2). 

The lines represented by (1) and (2) meet at the point for 
which 

'2 

3/ = 0, x = 



X 



this proves the proposition. 



Supplemental chords. 

202. Def. Two straight lines drawn from a point of the 
ellipse to the extremities of any diameter are called supple- 
mental chords. They are called principal supplemental chords 
if that diameter be the major axis. 



SUPPLEMENTAL CHOEDS. 
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203. If a chord and diameter of an ellipse are parallel, the 
supplemental chord is parallel to the conjugate diameter. 




Let PF be a diameter of the ellipse ; QP, QP', two sup- 
plemental chords. Let x', y , be the co-ordinates of P, and 
therefore — x, — y , the co-ordinates of P'. 

Let the equation to PQ be (Art. 32) 

y-y =m{x-x'); (1) 

and the equation to P' Q 

y -\- y = m' {pa + x) (2) . 

The co-ordinates of the point Q satisfy (1) and (2) ; if then 
we suppose x, y, to denote those co-ordinates, we have from 
(1) and (2) by multiplication 

f-y'^=mm' {x^-x") (3). 

But since {x, y) and {x, y') are points on the ellipse 
ay-^-JV = a'J^ 

■■' d'(f-y")+h'{a?-x")^0; 
.:f-f'=-^.ix^-x') (4); 
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From (3) and (4) we have 



'■ (^). 



a 



But we have shewn in Art. 188 that if (5) be satisfied, the 
two lines represented 'hj y = mx and y = m'x are conjugate 
diameters ; this proves the theorem. 



Polar Equation. 

204. To find the polar equation to the ellipse, the focus 
being the pole. 

Let SP=r, A8P=0; (see Fig. to Art. 158,) 

then 8P= ePN, hj definition ; 

that is, SP=e{0S+8M); 

or, r = a{l- e') + er cos {ir-d), (Art. 161) ; 

.: r(l +ecos^)=a(l-e'), 

A a(l-e^) 

and r = — ^^ ~ . 

1+e cos 

If we denote the angle ASPhj 0, then we have as before 

SP=e{OS+SM); 

thus r= a {l—e") +er cos 9, 

all- e') 



and 



1 — e cos ^ ' 



205. We shall make use of the preceding article in finding 
the polar equation to a chord, from which we shall deduce the 
polar equation to the tangent. 

Let P and P be two points on the ellipse ; suppose 
A'SP=a-0, A'SP = a + 0, 
so that PSP = 2^ ; and let I be the semi-latus rectum of the 
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ellipse, so that Z = a (1 — e") ; it is required to find the polar 
equation to the line PP'. 




Assume for the equation (see Art. 29) 

Areas 6 + Br em 6+ (7=0 (1), 

Since the line passes through P, (1) must he satisfied by 
the co-ordinates of P; now A'8P= a — j8 and 8P consequently 

= , -. 75", ; thus from (1) 

H-ecos(a-y8)' '^ ' 

I [Acqs (a-/3) +5sin (a-/S)} 

+ CfH-ecos(a-/9)}=0 (2). 

Similarly, since the line passes through P\ 
I {A cos (a + /3) +5 sin (a + /3)} 

+ C{l+ecos(a + |8)}=0 (3). 

From (2) and (3), by subtraction, 

I (^ sin a sin /S — 5 cos a sin /8) + Cesinasiny8 = 0;;/ 

.*. Z(^sina— 5cos a) + Cesina = (4). 

From (2) and (3), by addition, 

Z (J cos a cos |8 + 5 sin a cos /3) + C(l -l-ecosacos;S) = 0; 

.-. Z(^cosa + 5sina) + C(sec;8 + ecosa) = (^). 

T. C. S. 12 
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From (4) and (5) we find 

IA+ C (sec yS cos a + e) = 0, 

W+ Gsec^sma. =0. 

Substitute the values of A and B in (I) and divide by C, 
alid we have 

r {(sec /3 cos a + e) cos ^ + sec /3 sin a sin 6} — Z = ; 

I 
e cos + sec /3 cos (a — 0) ' 

If SQ bisect the angle P/SP' we have 

P8Q = ^, and JL'^(9 = a. 

Now suppose /8 to diminish indefinitely ; then the chord 
PP' becomes the tangent at Q, and we obtain its polar equation 
by putting /3 = in the preceding result ; thus we have 

I 



e cos ^ + cos (a — 0) ' 

The investigations of this article will apply to the para- 
bola by supposing e = 1. 

206. The polar equation to the ellipse referred to the 
centre is sometimes useful; it may be deduced from the 
equation aS/ + Wa? = dV, by putting r cos d, r sin 6, for x 
and y respectively ; we thus obtain 

r" {a^ sin'' (? + ¥ cos' 6) = a%\ 

We add a few miscellaneous propositions on the ellipse. 

207. If tangents he drawn at the extremities of any focal 
chord of an ellipse, (1) the tangents will intersect in the corre- 
sponding directrix, (2) the line drawn from the point of inter- 
section of the tangents to the focus toill he perpendicular to the 
focal chord. 
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(1) If two tangents to an ellipse meet in the point {K, k) 
the equation to the chord of contact is, by Art. 183, 

Suppose the chord passes through the focus whose co-ordi- 
nates are x = — ae, y = ■ then 

— Fhae = a'^&*, 

.*. h = : 

e 

that is, the point of intersection of the tangents is on the 
directrix corresponding to this focus, 

(2) The equation to the line through {h,Jc) and the focus is 

If h = — , this becomes 
e 

and the line Is therefore perpendicular to the focal chord of 
which the equation is 

y~ a'h'^k' 

208. If through any point within or without an elUpse, two 
lines he drawn parallel to two given straight lines to meet the 
curve, the rectangles of the segments will he to one another in 
an invariable ratio. 

Let {x', y') be the given point and suppose a and yS respec- 
tively the inclinations of the given straight lines to the major 
axis of the ellipse. By Art. 187 if a line be drawn from 
{x', y) to meet the curve and I)e inclined at an angle a to the 
major axis, the lengths of its segments are given by the 
equation 

12—2 
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/ (a' sin' a + F cos' a) + 2r {a^ sin a + V'x cos a) 

therefore the rectangle of the segments = a „• 2 „ 1 ^a nr>c' ^ * 

tt Sin ot "T" t> uuo fx 

Similarly the rectangle of the segments of the line drawn 

from {x,y) at an angle ^ = ^,^.^,^^y^^^.^ . 

„ , . . , 1 a'sin'/g + J'cos'/S , 

Hence the ratio of the rectangles = - . ^ — — tj — -rr ; ana 

° a sin a + 6 cos a 

this ratio is constant whatever x' and ^' may be. 




Let be the point through which the lines OPp, OQq, 
are drawn inclined to the major axis of the ellipse at angles 
a, /8, respectively ; then 

OP . Op _ g' sin' ^Q + ^ cos' j5 
OQ. Oq~ a' sin' a. + ¥ cos' a ' 

Draw the semi-diameters CD, CE, parallel to Pp, Qq, 
respectively, then, by Art. 206, 

CI>'_ a'sin';3 + 5'cos'/3 
(7£'~a'sin'a+6'cos'a' 
OP. Op CIP 
■■ OQ.Oq CE"' 
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Let TM, TN, be tangents parallel to Pp, Qq, respectiTely ; 
then if coincides with T, the rectangle OP. Op becomes 
TM"; and 0^ . Oq becomes TN^; 



TAP 
• TN'~ 


oiy 

' GE" 


TM 


CD 


■■ TN~ 


CE' 


EXAMPLES. 



1. GP and CD are conjugate semi-diameters; given the 
co-ordinates of P {x', y) find the equation to the line PD. 

2. If lines drawn through any point of an ellipse to the 
extremities of any diameter meet the conjugate CD in the 
points M, N, prove that CM. CN= GD\ 

3. GP, CD, are two conjugate semi-diameters ; CP, CD', 
are two other conjugate diameters; shew that the area of the 
triangle PGP' is equal to the area of the triangle DGD'. 

4. Normals at P and D, the extremities of semi-conjugate 
diameters, meet in K; find the equation to KG, and shew that 
KG is perpendicular to PD. 

5. In an ellipse the rectangle contained by the perpen- 
dicular from the centre upon the tangent, and the part of the 
corresponding normal intercepted between the axes is equal 
to the difference of the squares of the semi-axes. 

6. Shew that the locus of the intersection of the perpen- 
dicular from the centre on a tangent to the ellipse is the 
curve which has for its equation / = c^ cos" d + V sin*" 6, the 
centre being origin. 

7. From A the vertex of an ellipse draw a line ARQ to 
Q the middle point of HP meeting 8P in R; shew that the 
locus of R is an ellipse, and also the locus of Q. 
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8. Find the polar equation to the ellipse, the vertex being 
the origin and the major axis the initial line. 

9. If any chord A Q meet the minor axis produced in B, 
and CP he a semi-diameter parallel to A Q, then A Q . AB 
= 2Cr. 

10. A circle is described upon AA' the major axis of an 
ellipse as diameter ; F is any point in the circle ; AP, A'P, 
are joined cutting the ellipse in points Q and Q' respectively; 
shew that 

AP A'P a' + b' 

+ ■ 



AQ • A'Q' b' ■ 

11. If circles be described on two semi-conjugate diame- 
ters of an ellipse as diameters, the locus of their intersection 
is the curve defined by the equation 

12. CP, CD, are conjugate semi-diameters; CQ is per- 
pendicular to PD, find the locus of Q. 

13. Find the points where the ellipse a{l—e')=r + re cos 
cuts the line a {l—e') =rshi0 + r {1 + e) cos 6. 

14. Write down the polar equations to the four tangents 
at the ends of the latera recta ; also the equations to the tan- 
gents at the ends of the minor axis ; the focus being the pole. 

15. Determine the locus of the intersection of tangents 
drawn at two points P, Q, which are taken so that the sum 
of the angles A8P, ASQ, is constant. 

16. If P8p be a focal chord of an ellipse, and along the 
line 8P there be set off 8Q a mean proportional between 8P 
and 8p, the locus of Q will be an ellipse having the same 
excentricity as the original ellipse. 

17. Two ellipses have a common focus and their major 
axes are equal in length and situated in the same straight 
line; find the polar co-ordinates of the points of inter- 
section. 
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18. From an external point two tangents are drawn to an 
ellipse ; between what limits does the ratio of the length of 
onfi tangent to the other lie ? 

19. TP, TQ, are two tangents to an ellipse, and GP, 0Q\ 
are the radii from the centre respectively parallel to these tan- 
gents, prove that P'Q is parallel to PQ. 

20. An ellipse and a circle cut in four points ; shew that 
the common chords make equal angles with the major axis of 
the ellipse. 

21. When the angle between the radius vector from the 
focus and the tangent is least, the radius vector = a, 

22. When the angle between the radius vectof from the 
centre and the tangent is least, the radius vector = 



2 

23. PT, pt, are tangents at the extremities of any diameter 
Pp of an ellipse ; any other diameter meets PT in T, and its 
conjugate meets p< in t; also any tangent meets PTm T and 
p in i ; shew that PT : PT :: pi : j>t. 

24. From the ends P, D, of conjugate diameters in an 
ellipse, draw lines parallel to any tangent line ; and from the 
centre G draw any line cutting these lines and the tangent in 
points p, d, t, respectively ; then will 

C/+ Gd^= ce. 

25. If tangents be drawn from different points of an ellipse 
of lengths equal to n times the semi-conjugate diameter at 
each point, then the lociis of their extremities will be a con- 
centric ellipse with semi-axes equal to 

aVK+1) and&VCM'+l). 

26. Apply the equation to the tangent i^n Art. 171 to find 
the locus of the intersection of tangents at the extremities of 
conjugate diameters. 

27. If from a point {x, y) of an ellipse a chord be drawn 
parallel to a fixed line, shew that the length of this chord 
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varies as —. — — , where <b is the inclination of the 

cos <p ^ 

tangent at {x, y') to the axis, and a the inclination of the fixed 
line to the axis. 

28. If through any point P of an ellipse two chords PQ, 
PR, be drawn parallel to two fixed lines and making angles 
a and ^ respectively with the tangent at P, shew that the ratio 
PQ cosec a : PR cosec yS is constant. 

29. A parabola is touched at the extremities of the latus 
rectum by an ellipse of given magnitude; find the latus 
rectum of the parabola. 

30. The perpendicular from the centre on a line joining the 
ends of perpendicular diameters of an ellipse is of constant 
length. 

31. Chords are drawn through the end of an axis of an 
ellipse ; find the locus of their middle points, 

32. Chords of an ellipse are drawn through any fixed 
point ; find the locus of their middle points. 

33. Two focal chords are drawn in an ellipse at right 
angles to each other; find their position when, the rectangle 
contained by them has respectively its greatest and least 
value. 

34. In an ellipse if PP' and QQ' be focal chords at right 
angles to each other 

1-e^ 1-e' _ 1 1 

8P. SP' '^ SQ.SQ'~4C'^ BC ' 

35. PSj), QSq, are focal chords ; suppose T the point 
where the lines PQ, pq meet ; shew that TS is equally in- 
clined to the focal chords, and that T is on the directrix 
corresponding to S. 

36. If r, 6, be the polar co-ordinates of a point P, shew 
that 

„__ h , 1-l-ecos^ 

tau HPZ= -77- J — T^ and = ^^- . 

V (2a»- — r— b) e sin 6 
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37. Perpendiculars are drawn from P and D the ex- 
tremities of any pair of conjugate diameters on the diameter 
y = x tan a ; shew that the sum of the squares of the perpen- 
diculars is a" sin' a + V^ cos'' a. 

38. The excentric angles of two points P and Q are <^ and 
, (^' respectively; shew that the area of the parallelogram 

formed hy the tangents at the extremities of the diameters 

through P and Q is —. — -rj-, jr ; shew also that the area is 

° sm (0 — 0) ' 

least when P and Q are the extremities of conjugate dia- 
meters. 

39. Shew that the equation to the locus of the middle 
points of all chords of the same length (2c) in an ellipse is 

ay + ox' a o 

40. Chords of an ellipse are drawn at right angles to one 
another through the point whose co-ordinates are h, Jc ; if 
CP, CQ, be the radii drawn from the centre parallel to 
the chords, and 'E, F, the middle points of the chords, 
shew that 

CP" + eg* ~a*^ I*' 

41. Given ,the co-ordinates of P, find those of the intersec- 
tion of the tangents at Pand D. (See Fig. to Art. 192.) 

42. Shew that the equation 

^ /_ { x{hx'-ay') y{ay' + hx) ]' 
d^'^V \ a% "^ aW J 

represents the tangents at P and B, supposing a;', y\ the co- 
ordinates of P. (See Fig. to Art. 192.) 

43. If GP, CD, be any conjugate diameters of an ellipse 
APBDA and PP, BB, be joined and also AB, A'P, these latter 
intersecting in 0, shew that BB OP is a parallelogram. 
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44. Shew that the area of the parallelogram in the preced- 
ing question = cm/' + Ix — ah, where x, y', are the co-ordinatea 
of P ; and find the greatest value of this area. 

45. If a line be drawn from the focus of an ellipse to make 
a given angle a with the tangent, shew that the locus of its 
intersection with the tangent will be a circle which touches or 
falls entirely without the ellipse according as cos a is less or 
greater than the excentricity of the ellipse. 

46. In an ellipse SQ, HQ, drawn perpendicular to a pair 
of conjugate diameters intersect in Q ; prove that the locus of 
^ is a concentric ellipse. 

47. Two ellipses have their foci coincident ; a tangent to 
one of them intersects at right angles a tangent to the other ; 
shew that the locus of the point of intersection is a circle 
having the same centre as the ellipses, 

48. What is represented by the equation x^+y^ = c^ when 
the axes are oblique ? 

49. Shew that when the ellipse is referred to any pair of 
conjugate diameters as axes, the condition that y = mx and 

y = m'x may represent conjugate diameters is mm'= -^ . 

50. The ellipse being referred to equal conjugate diame- 
ters, find the equation to the normal at any point. 

51. From any point P perpendiculars PM, PN, are drawn 
on the equal conjugate diameters ; shew that the normal at P 
bisects MN. 
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CHAPTER XI. 



THE HYPERBOLA. 

209. To find the equation to the hyperlola. 

The hyperbola is the locus of a point which moves so that 
its distance from a fixed point hears a constant ratio to its 
distance from a fixed straight line, the ratio being greater 
than unity. 





Let ^be the fixed point, YY' the fixed straight line. Draw 
^0 perpendicular to YY' ; take as the origin, OZfas the 
direction of the axis of x, OF as that of the axis of y. 

Let Pbe a point on the locus ; join HP, draw PM parallel 
to OF and PiV parallel to OX. Let OH=p, and let e be the 
ratio of HP to PK Let x, y, be the co-ordinates of P. 
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By definition 

HP= ePN; 

that is, y + [x —jof = eV. 

This is the equation to the hyperbola with the assumed 
origin and axes. 

210. To find where the hyperbola meets the axis of x we 
put y = in the equation to the hyperbola ; thus 

[x — pf = e^a? ; 
.'. x—p = +ex; 

l + e 
Since e is greater than unity, 1 — e is a negative quantity. 

Let OA' = -^-- , OA = -^— , the former being measured 
e—1 l+e 

to the left of 0, then A' and A are points on the hyperbola. 

A and A' are called the vertices of the hyperbola, and C 

the point midway between A and A' is called the centre of 

the hyperbola. 

211. We shall obtain a simpler form of the equation to 
the hyperbola by transferring the origin to A or C. 

I. Suppose the origin at A. 

Since OA = , ^ , we nut x = x' + , " and substitute 
l+e -^ l+e 

this value in the equation 

2/" + {x —pY = eV ; 

thus, y+(.'+^^_^)=e'(.' + ^^ 

^+(-'-iT^)=^^(-'+rfe, 
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.-. / = 2pea;'+(e'-l)a;"' 

The distance A' A = ^ , + --*-— = -y-~ ; we will denote 
e — 1 1 + e e— 1 

this by 2a ; hence the equation hecomes 

f={e'-l){2ax' + x"). 

We may suppress the accent, if we remember that the 
origin is at the vertex A, and thus write the equation 

y'=ie'-l){2ax + x') (1). 

II. Suppose the origin at G. 

Since CA = a, we put x = x' — a and substitute this value 
in (1) ; thus 

/ = (e'' - 1) {2a {x' - a) + {x' - af] 

= {e'-l){x"-a'). 

We may suppress the accent, if we remember that the 
origin is now at the centre G, and thus write the equation 

y'={^-l)ix'-a') .(2). 

In (2) suppose x = 0, then «/" = — (e" —1) a': this gives an 
impossible value to y, and thus the curve does not cut the 
axis of y. We shall however denote (e' — 1) a' "by V, and 
measure off the ordinates GB and GB' each equal to h, as we 
shall find these ordinates useful hereafter. 

Thus (1) may be written 

/ = ^,(2ax + a=») (3), 

and (2) may be written 

y^ = l,{a?-a') (4), 
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or, more symmetrically. 



— — 72 = 1, or, ay - JV = — c^W . 



(5). 



212. Since AH=e.OA and OA = -^- , we have 

-l + e' 

OA = -J— = a, 

1 + e e 

€H= CA + AH=a + (e - 1) a = ea, 

CO==CA-OA = a-^-^a = -, 
e e 



and 






213. We may now ascertain the form of the hyperbola. 
Take the equation referred to the centre as origin, 



f = "-,{x'-a'). 



(!)• 



For every value of x less than a, y is impossible. When 
X = o, y = 0. For every value of x greater than a there 
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are two values of y equal in magnitude but of opposite sign. 
Hence if P be a point in the curve on one side of the axis 
of X, there is a point P' on the other side of the axis, such 
that P'M=PM. Hence the curve is symmetrical with re- 
spect to the axis of x, and it extends indefinitely to the right 
of ^. 

If we ascribe to x any negative value we obtain for y 
the same pair of values as when we ascribed to x the cor- 
responding positive value. Hence the portion of the curve 
to the left of the axis of y is similar to the portion to the 
right of it. 

As the equation (1) may be put in the form 

«''=p(y+&^) (2), 

we see that the axis oiy also divides the curve symmetrically, 
and that the curve extends above and below OA. Thus the 
curve consists of two similar branches each extending inde- 
finitely. 

The line EK is the directrix, H is the corresponding focus. 
Since the curve is symmetrical with respect to the line BOB', 
it follows that if we take GS = CH and CE' = CE, and 
draw E'K' perpendicular to CE', the point 8 and the line 
E'K' will form respectively a second focus and directrix, by 
means of which the curve might have been generated. 

214. The point C is called the centre of the hyperbola, 
because every chord of the hyperbola which passes through 
C is bisected in C. This is proved in the same manner as 
the corresponding proposition in the ellipse. (See Art. 163.) 

215. We have drawn thfe curve concave towards the axis 
of x ; the following proposition will justify the figure. 

The ordinate of any point of the curve which lies between 
a vertex and a fixed point of the curve on the same branch 
as the vertex is greater than the con'esponding ordinate of the 
straight line joining that vertex and the fixed point. 
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Let A be the vertex and take it for the origin ; let F be 
the fixed point ; x', y', its co-ordinates. Then the equation 
to the hyperbola is (Art. 211) 






The equation to AP is 



y 

since {x, y) is on the hyperbola. 

Let X denote any abscissa less than x, then since the 
ordinate of the curve is - \/{2ax + oi?) or - . / [ Vljx, and 

that of the straight line is -. /[— r + lja;, it is obvious that 
the ordinate of the curve is greater than that of the line. 

216. AA' and BB' are called axes of the hyperbola. The 
axis AA' which if produced passes through the foci, is called 
the transverse axis, and BB' the conjugate axis. We do not 
as in the case of the ellipse, use the terms major and minor 
axis, because since J = a ^/{^—l) (Art. 211), and e is greater 
than unity, h may be greater or less than a. 

The ratio which the distance of any point on the hyperbola 
from the focus bears to the distance of the same point from 
the corresponding directrix is called the excentricity of the 
hyperbola. We have denoted it by the symbol e. 

To find the latus rectum (see Art. 128) we put x = CH, 
that is, = ae, in equation (1) of Art. 213 ; thus 

Va^e^-l) _l\ 
y ~ a' "a" 

.'. LH= — , and the latus rectum = — . 
a a 
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Since 6' = a» {e^ - 1) ; .-. V + a^ = aV ; that is, 

.: AB= CH. 

217. The equation to the hyperhola may be derived from 
the equation to the ellipse by writing — J" for V. We shall 
find that the hyperbola has many properties similar to those 
which have been proved for the ellipse ; and as the demon- 
strations are similar to those which have been eiven, we shall 
in some cases not repeat them for the hyperbola, but refer to 
the corresponding articles in the chapters on the ellipse. 

218. To express the focal distances of any point of the 
hyperbola in terms of the abscissa of the point. 




Let S be one focus, E'K' the corresponding directrix ; E 
the other focus, EK the corresponding directrix. Let P be a 
point on the hyperbola ; x, y, its co-ordinates, the centre 
being the origin. Join 8P, HP, and draw PNN' parallel to 
the transverse axis and PM perpendicular to it. Then 

8P= ePN' = e{CM+ CE') =e{x + ^=ex + a, 
HP=ePN=^e{CM-CE)=e(x-f\ = ex-a. 



T. C. S. 



13 
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Hence SP— HF=2a; that is, the difference of the focal 
distances of any point on the hyperbola is equal to the trans- 
verse axis. 

J' 
219. The equation y' = —i{^ — a") may be written 

, Hence (see Fig. to Art. 213), 
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Tangent and Normal to an Hyperbola. 

220. To find the equation to the tangent at any point of 
an hyperbola. 

By a process similar to that in Art. 170, it will be found 
that the equation to the tangent at the point [x, y') is 

y-y =^(*-'^)' 

or, a^yy' — Wxx = — c^W. 

These equations may be derived from the corresponding 
equations with respect to the ellipse by writing — W for W. 

221. The equation to the tangent to the hyperbola may 
also be written in the form (see Art. 171) 

y = mx + V(wV — &^). 

Conversely every line whose equation is of this form, is a 
tangent to the hyperbola. 

222. It may be shewn as in the case of the circle that a 
tangent to an hyperbola meets it in only one point. Also if a 
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line meet an hyperbola in only one point, it is in general 
the tangent to the hyperbola at that point. For suppose 

to be the equation to an hyperbola, and 
y = mx + c 

the equation to a straight line. Then to determine the 
abscissae of the points of intersection, we have the equation 

a'{mx + cY-h'x'==-a!'b\ 

or, (aW - ¥) a? + 2a^mcx + a' (c" + J') = 0. 

This equation has always two roots, except 

(1) when a*mV = (aW - V) a" (c' + V), 
or, 0° = mV — ¥, 

and consequently the line is a tangent. 

(2) when aW — &" = ; the equation then reduces to one of 
the first degree, and therefore has but one root. Thus a line 
which meets the hyperbola in one point only is the tangent at 
that point unless the inclination of the line to the transverse 

axis be + tan - . 



223. The tangents at the vertices A and A' are parallel 
to the axis of ^. (See Art. 172.) 

224. To find the equation to the normal at any point of 
an hyperbola. (See Art. 173.) 

It will be found that the equation to the normal at 
{x', y') is 

aY 
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This may also be written in the form 

y = mx — t^r-j — j^ , (See Art. 174.) 

225. We shall now deduce some properties of the hyper- 
bola from the preceding articles. 




Let x', y, be the co-ordinates of P; let PT be the tangent 
at P, PQ the normal at P; PM, PN, perpendiculars on the 
axes. 

The equation to the tangent at P is 

a^yy'-Vxx=-dh\ 



Let 2/ = 0, then x = —,, hence 
CT= 



CA^ 



Similarly 



CM' 
CM. CT= CA\ 
CN.CT'=CB'. 
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226. As in Art. 176, we may shew that 

227. As in Art. 177, we may shew that 



T2 ' 2 ' 

where SP^r', HP=r. 

228. The tangent at any point bisects the angle between the 
focal distances of that point. 

For in the manner given in Art. 1 78, we may shew that 

SPG'=HPG; 

and therefore since PT is perpendicular to GG', 

TP8= TPH. 

Or we may prove the result thus, 

CG' = eV, (Art. 226), 

.'. 8G = eV + ae, 

HG = eV — ae. 

Also 8P= ex' + a, HP = ex —a; hence 

8G _8P 
HG~ HP' 

therefore by Euclid, vi. 3, PG bisects the angle between HP 
and 8P produced, that is, 

8PG' = HPG. 

229. To find the locus of the intersection of the tangent at 
any point with the perpendicular on it from the focus. 

It may be proved as in Art. 180, that the required locus is 
the circle described on the transverse axis as diameter. 
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230. Let 'p denote the perpendicular from H on the 
tangent at P, and p the perpendicular from 8; then, as in 
Art. 181, it may be shewn that 

-P - y' > P — ^ > .. jpp -o . 

Since r = 2a + r, we have 



JP = 



2a + r' 



231. From any external j)oint two tangents can he drawn to 
an hyperbola. 

Let h, Tc, be the co-ordinates of the external point, then as 
in Art. 182, we shall obtain the following equation for deter- 
mining the abscissae of the points of contact of the tangents 
and hyperbola 

d' {a'k' - Vh') + ia'h'hx' - a' {V + F) = 0. 
The roots of this quadratic will be possible if 

a*6T + a* {V + ¥) {a'k' - &T) is positive ; 
that is, if 

is positive. 

But if (A, h) be an external point the last expression is 

Eositive, and therefore two tangents can be drawn to the 
yperbola from an external point. 

The product of the two values of x' given by the above 
quadratic is 

a'k^-bV' 

this product is therefore positive or negative according as 
a'A;" — b^h!' is negative or positive ; that is, the two tangents 
meet the same branch or different branches according as 
a'le' — h^¥ is negative or positive. 

232. Tangents are drawn to an hyperbola from a given 
external point ; to find the equation to the chord of contact. 
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Let h, h, te the co-ordinates of the external point ; then 
the equation to the chord of contact is 

a% - Vhx = - a^b\ (See Art. 183.) 

233. Through any fixed point chords are drawn to an 
hyperbola, and tangents to the hyperbola are drawn at the 
extremities of each chord ; the locus of the intersection of the 
tangents is a straight line. 

Let h, h, be the co-ordinates of the point through which 
the chords are drawn, then the equation to the locus of the 
intersection of the tangents is 

a% - Vhx = - a'b\ (See Art. 184.) 

234. If from any point in a straight line a pair of tangents 
be drawn to an hyperbola, the chords of contact will all pass 
through a fixed point. (See Art. 185.) 

235. The student should observe the different interpreta- 
tions that can be assigned to the equation 

d'ky — Vhx = — a'F. 

The statements in Art. 103 with respect to the circle may 
all be applied to the hyperbola. 



EXAMPLES. 

1. What is the equation to an hyperbola of given trans- 
verse axis whose vertex bisects the distance between the 
centre and focus ? 

2. If the ordinate MF of an hyperbola be produced to Q 
so that MQ = SP, find the locus of Q. 

3. If any chord AP through the vertex of an Lyperbola 
be divided in Q so that A Q: QP:: AC : PC, and ^ilf be 
drawn to the foot of the ordinate MP, shew that ^0 at right 
angles to QM cuts the transverse axis in the same ratio. 
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4. PQ is a chord of an ellipse at right angles to the major 
axis AA' ; PA, QA', are produced to meet in R ; shew that 
the locus of R is an hyperbola haying the same axes as the 
ellipse. 

5. If a circle be described passing through any point P 
of a given hyperbola and the extremities of the transverse 
axis, and the ordinate MP be produced to meet the circle in 
Q, shew that the locus of Q is an hyperbola whose conjugate 
axis is a third proportional to the conjugate and transverse 
axes of the original hyperbola. 

6. Find the locus of a point such that if from it a pair of 
tangents be drawn to an ellipse the product of the perpen- 
diculars dropped from the foci upon the chord of contact will 
be constant. 
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CHAPTEE XII. 

THE HYPERBOLA CONTINUED. 

Diameters. 

236. To find the length of a line drawn from any point in 
a given direction to meet an hyperbola. 

Let x', y', be the co-ordinates of the point from which the 
line is drawn ; x, y, the co-ordinates of the point to which the 
line is drawn ; 6 the inclination of the line to the axis of x ; 
r the length of the line ; then (Art. 27) 

a; = a;' -t- r cos 0, y=y' -'rrsmO (1). 

If {x, y) be on the hyperbola these values may be substi- 
tuted in the equation ay — If a? = — c^V ; thus 

a" {y + r sin Of - F (x' + r cos 9)' = - a'b'; 

.: r" (a" sin' B-h' cos' 0) + 2r {a'y' sin - Vx cos 0) 

+ ay'-&V' + a'J' = .....(2). 

From this quadratic two values of r can be found which 
are the lengths of the two lines that can be drawn from (x, y') 
in the given direction to the hyperbola. 

237. To find the diameter of a given system of parallel 
chords in an hyperbola. (See definition in Art. 148.) 

Let be the inclination of the chords to the transverse axis 
of the hyperbola ; let x, y', be the co-ordinates of the middle 
point of any one of the chords ; the equation which deter- 
mines the lengths of the lines drawn from {x', y') to the curve 
is (Art. 236) 
r' (a' sin' 0-¥ cos' 0) + 2r (a'/ sin - b'x' cos 0) 

+ dY-bV + a'b' = (1). 
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Since {x, y') is the middle point of the chord, the values of 
r furnished by this equation must be equal in magnitude and 
opposite in sign ; hence the coefficient of r must vanish ; thus 

ay sin e - 5V cos 6 = 0, or y = \ cot 6. x (2). 

Considering x' and y as variable this is the equation to a 
straight line passing through the origin, that is, through the 
centre of the hyperbola. 

Hence every diameter passes through the centre. 

Also every straight line passing through the centre is a 
diameter, that is, bisects some system of parallel chords. For 
by giving to a suitable value the equation (2) may be made 
to represent 'any line passing through the centre. If 6' be 
the inclination to the axis of x of the diameter which bisects 
all the chords inclined at an angle 9, we have from (2) 

tan 0' = -5 cot ^ : 

h" 
.-, tan0tan0' = -„ (3). 

a 

238. If one diameter hisect all chords parallel to a second 
diameter, the second diameter will hisect all chords parallel to 
the first. 

Let ^j and 0^ be the respective inclinations of the two 
diameters to the transverse axis of the hyperbola. Since the 
first bisects all the chords parallel to the second, we have 

tan 6„ tan 5, = -, . 
^ ' a 

And this is also the only condition that must hold in order 
that the second may bisect the chords parallel to the first. 

The definition in Art. 191 holds for the hyperbola. 

239. Every straight line passing through, the centre of an 
ellipse meets that ellipse ; this is evident from the figure, or 
it may be proved analytically. But in the case of an hyper- 
bola this proposition is not true, as we proceed to shew. 
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240. To find the points of intersection of an hyperbola 
with a straight line passing through its centre. 

Let the equation to the straight line he 

y = 'm.x. 
Substitute this value of y in the equation to the hyperbola 

then we have for determining the abscissaj of the points of 
intersection the equation 



Hence the values of x are impossible if aW is gi'eater 
than J". 

Thus a line drawn through the centre of an hyperbola .will 
not meet the curve if it makes with the transverse axis on 

either side of it an angle greater than tan"' - . 

241. It is convenient for the sake of enunciating many 
properties of the hyperbola to introduce the following im- 
portant definition. 

Def. The conjugate hyperbola is an hyperbola having for 
its transverse and conjugate axes the conjugate and transverse 
axes of the original hyperbola respectively. 

242. To find the equation to the hyperbola conjugate to a 
given hyperbola. 

Let AA', BB', be the transverse and conjugate axes respec- 
tively of the given hyperbola; then BB' is the transverse 
axis of the conjugate hyperbola, and AA' is its conjugate 
axis. Let P be a point in the given hyperbola, Q a point in 
the conjugate hyperbola. Draw PM, QN, perpendicular to 
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CX, CY, respectlyely. The equation to the given hyperbola 
is 



Hence 






since Q is a point on an hyperbola having CB, CA, for its 
semi-transverse and semi-conjugate axes respectively. Thus 
if X, y, denote the co-ordinates of Q 



X = ■ 



'-¥). 



This, therefore, is the equation to the conjugate hyperbola ; 
we observe that it may be deduced from the equation to the 
given hyperbola by writing — a" for a* and —h* for J*. 
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The foci of the conjugate hyperbola will be on the line 
BOB' at a distance from C=AB (Art. 216) ; that is, at the 
same distance from G as 8 and ff, 

243. Every straight line drawn through the centre of an 
hyperbola meets the hyperbola or the conjugate hyperbola, except 
the two lines inclined to the transverse axis of the hyperbola 

at an angle = tarT^ - . 

Let the equation to the straight line be 

y = mx (1). 

To find the abscissae of the points of intersection of (1) 
with the given hyperbola, we hare, as in Art. 240, the 
equation 

a-V 



•^ — ■*•> 2 2 \^J' 



V-a^T^- 



Similarly to find the points of intersection of (1) with the 
conjugate hyperbola, we have the equation 

212 

"^"aW-S^ ^^^• 

If w? be less than -3, (2) gives possible values, and (3) 
a 

impossible values for x; if m" be greater than -j , (2) gives 

impossible values, and (3) possible values for x; j£ m^ = — , 

(2) and (3) make x infinite. Thus the two lines that can 

be drawn at an inclination tan"'- to the transverse axis of 

the given hyperbola meet neither curve ; and every other line 
meets one of the curves. 

244. Of two conjugate diameters one meets the original 
hyperbola, and the other the conjugate hyperbola. 

Let the equations to the two diameters be 

y = 7nx, y = rnx', 
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then, ty Art. 238, mm = 



a" 



Hence if m" is less than — , m'" is greater than — ^ ; thus 

the first diameter meets the original hyperbola, and the 
second the conjugate hyperbola. If m" is greater than 

-5 , m'" is less than -3 ; thus the first, diameter meets the 
a a 

conjugate hyperbola, and the second the original hyperbola. 

245. We proceed now to some properties connected with 
conjugate diameters. When we speak of the extremities of a 
diameter we mean the points where that diameter intersects 
the original hyperbola or the conjugate hyperbola. 

We may remark that the origina,l hyperbola bears the 
same relation to the conjugate hyperbola as the conjugate 
hyperbola bears to the original hyperbola. Thus the defini- 
tion may be given as follows : two hyperbolas are called con- 
jugate when each has for its transverse axis the conjugate 
axis of the other. 

Also if a line bisect all parallel chords terminated by one 
of the hyperbolas it bisects all the chords of the same system 
which are terminated by the other hyperbola. For the equa- 
tion (Art. 237) tan 6 tan 6' = -^ remains unchanged when we 

write — a^ for a? and — V for V, that is, when we pass from 
the original hyperbola to the conjugate (Art. 242). 

Both curves are comprised in the equation 
{ay-Vxy = a%\ 

246. The tangent at either extremity of any diameter is 
parallel to the chords which that diameter bisects. See Art. 190. 

247. Given the co-ordinates of one extremity of a diameter,' 
to find those of either extremity of the conjugate diameter. 

Let AC A, BOB' be the axes, of an hyperbola; PGP', 
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DGD', a pair of conjugate diameters. Let x, y, be the 
given co-ordinates of P; then the ec[uation to CP is 



y 

^ X 



(!)• 



Since the conjugate diameter DD' is parallel to the tangent 
at P, the equation to DD' is 



b'x 



(2). 



We must combine (2) with the equation to the conjugate 
hyperbola to find the co-ordinates of D and B'. Substitute 
from (2) in 

aY-¥a? = aV; then 

I* x' 
a- y' 

- ^ - a'b' ~ b' ' 
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hx' 

.: from (2), y = ±—. 

In the figure the abscissa of I) is positive, and that of JD' 
negative ; hence the upper sign applies to I), and the lower 
toD'. 

248. The difference of the squares of two conjugate semi- 
diameters is constant. 

Let x, y, he the co-ordinates of P; then by the preceding 
article, 



.2„.'2 



a-y 



Vx"^ 



CP'- CIf = x" + y"-^, ~ 

Q/ 

~ V "^ a' 

= a'-b\ 

Hence the difference of the squares of two conjugate semi- 
diameters is equal to the difference of the squares of the semi- 
axes. 

249. The area of the parallelogram formed by tangents at 
the ends of conjugate diameters is constant. 

Let PGP, BCD', be the conjugate diameters (see fig. to 
Art. 247). The area of the parallelogram formed by tangents 
at P, D, F, D', is iCP. CD sin PCD, or ip.GD, where j» 
denotes the perpendicular from G on the tangent at P. Let 
x, y', be the co-ordinates of P; then the equation to the 
tangent at P is 

y=--^,x ;. 

Hence (Art. 47) 

J: a'h" 

■ V(ay" + b*^") ' 



P = 



V(yW) 
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Hence the area of any parallelogram formed by tangents at 
the ends of conjugate diameters is equal to the area of the 
rectangle formed by tangents at the ends of the axes. 

250. Let a', h', denote the lengths of two conjugate semi- 
diameters; a the angle between them; by the preceding 
article, 

a'b' sin a = ah. 

By making F move along the hyperbola from A we can 
make GP or a as great as we please. Also since a'^ — b'' is 
constant, b' increases with a. Thus sin a can be made as 
small as we please, that is, CP and GD can be brought as 
near to coincidence as we please. The limiting position 
towards which they tend is easily found ; for from Art. 237, 

, h' 
mm =--; 
a" 

thus the limit to which m and m' approach as GP and GB 
approach to coincidence is + - . 

251. From Art. 249, we have 

„ aV a'P ,. , „ , „ , 

p=m'= GP^-d'+i>' - ^^''-''^-^ 

This gives a relation between^ the perpendicular from the 
centre on the tangent at any pomt P, and the distance GP of 
that point from the centre. 

Also if (^ denote the angle which the perpendicular makes 
with the transverse axis we may shew as in Art. 196, that 

/ = a''(l-rsin»< 
T. C. S. I'i 
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252. To find the equation to the hyperbola referred to a 
pair of conjugate diameters as axes. 

Let GP, CD, be two conjugate semidiameters (see fig. to 
Art. 247), take GP as the new axis of x, GD as that of y; 
let PGA = a, DGA = ^. Let x, y, he the co-ordinates of 
any point of the hyperbola referred to the original axes; 
x, y', the co-ordinates of the same point referred to the new 
axes ; then (Art. 84) 

x-=x cos a + ^' cos )S, 

y = x sin a. + y' sin )8. 

Substitute these values in the ec[uation 

then a^ (x sin a. + y' sin /3)^ — S" [x' cos a + ?/' cos /S)" = — a^J", 
or x" {a' sin' a-F cos' a) + y" (a' sin' j8 - S' cos' y8) 

+ ^x'y' (a' sin a sin /3 — P cos a cos /S) = - a'J'. 
But since CP and CD are conjugate semidiameters 

tan a tan /3 = — ; 

hence the coefficient of x'y' vanishes, and the equation be- 
comes 

x" (a' sin' a - &' cos' a) 4- ^J' (a' sin' /8 - &' cos' ^8) = - a'5'. 

In this equation suppose y' = 0, then 

■-a'5' a'5' 

«' sin' a — &' cos' a 5' cos' a — a' sin' a ' 

This is the value of CP' which we shall denote by a". If 
we put a;' = in the above equation we obtain 

- a'&' 



a' sin' /9- 5' cos' /3" 



TO CONJUGATE DIAMETERS AS AXES. 211 

Now since we have supposed that the new axis of x meets 
the curve, we know that the new axis of y will not meet the 
curve (Art. 244), so that 



a" sin' ^ - b^ cos' ^ 

is not a. positive quantity ; we shall denote it by - h'^. Hence 
the equation to the hyperbola referred to conjugate dia- 
meters is 

a 
or suppressing the accents on the variables 

Also the equation to the conjugate hyperbola referred to 
the same axes is 

a" K'~ 

The equation to the tangent to the hyperbola will be of the 
same form whether the axes be rectangular or the oblique 
system formed by a pair of conjugate diameters. (See Art. 
200.) 

253. Tangents at the extremities of any chord of an hyper- 
bola meet in the diameter which bisects that chord. (See Art. 
201.) 

254. If a chord and diameter of an hyperbola are parallel, 
the supplemental chord is parallel to the conjugate diameter. 
(See Arts. 202, 203.) 

Asymptotesi 

255. The properties of the hyperbola hitherto given have 
been similar to those of the ellipse ; we have now to consider 
some properties peculiar to the hyperbola. 

14—2 
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ASYMPTOTES. 




Let the equation to the hyperbola he 

/=-s(a3'-«'), 
and let CL he the line which has for its equation 



hx 



Let MPQ he an ordinate meeting the hyperbola in P and 
the straight line CL in Q ; then if CM be denoted by x, 

P-¥=-V(a:'-a'), QM=-; 
a a 

■'■ PQ=-{a3-V(a^- «)}=-• 7r-2 rr= t?-^, — 5; • 

^ a'- ^^ ''a a;+V(a!-a) a;+V(ar'-a'') 

If then the line MPQ be supposed to move parallel to itself 
from A, the distance PQ continually diminishes, and by taking 
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CM large enough we may make PQ as small as we please. 
The line CL is called an asymptote of the curve. 
Similarly the line CL' which has for its equation 



is an asymptote. 
Thus the equation 



hoc 
y=- — . 



a' V "' 



includes both asymptotes. We may take the following de- 
finition. 

Def. An asymptote is a straight line the distance of 
which from a point of a curve diminishes without limit as 
the point in the curve moves to an infinite distance from the 
origin. 

The distance of P from CL is PQ sin PQC; and as we 
have seen that PQ diminishes without limit as P moves away 
from the origin, CL is an asymptote according to the definition 
here given. 

256. In the same manner we may shew that CL is an 
asymptote to the conjugate hyperhola. For let MP be pro- 
duced to meet the conjugate hyperbola in F then (Art. 242) 

PM^-^Jix^+a'); 
a ^ 

Hence "as CM is increased indefinitely P' Q is diminished 
indefinitely; therefore CL is an asymptote to the conjugate 
hyperbola. 

257. The equation to the tangent to the hyperbola at the 
point {x', y) is 



214 CONNEXION OF TANGENT AND ASYMPTOTE. 

2 ' 12 r 27 2 

ayy — bxx = — a o , 



^ ay y 



x'x . V 



aV(aj"-a') y' 
hx _V 

If x' and y' are increased indefinitely the limiting form to 
which the above equation approaches is 

hx 

Thus the tangent to the hyperbola approaches continually 
to coincidence with an asymptote when the point of contact 
moves away indefinitely from the origin. 

258, It appears from Art. 243 that every straight line 
drawn through the centre of an hyperbola must meet the 
hyperbola or its conjugate, unless its direction coincides with 
that of one of the asymptotes. And from Art. 250 it appears 
that as conjugate diameters increase indefinitely they approach 
to coincidence with one of the asymptotes. 

259. The line joining the ends of conjugate diameters is 
parallel to one asymptote and bisected hy the other. 

Let X, y, be the co-ordinates of any point P on the hyper- 
bola (see fig. to Art. 247) ; then the co-ordinates of I) the 
extremity of the conjugate diameter are (Art. 247) 

ay , hx' 

-f- and — . 

a 

Hence the equation to DP is 
, hx 

y 

x-~ 
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that is, y~y' = — (^ "~ ^') j 

and therefore DP is parallel to the asymptote 

hx 

Also the co-ordinates of the middle point of DP are, 

(Art, 10), 

l(.' + f)andi(y + ^ 

^, ^ . ay' + hx' , ay' + hx 
that IS, ~^^—xi — and -^ . 

These co-ordinates satisfy the equation 

hx 

therefore the asymptote y = — bisects PD. 

Since the diagonals of a parallelogram bisect each other, 
and PD is one diagonal of the parallelogram of which GP 
and GD are adjacent sides, the other diagonal coincides with 
the asymptote, that is, the tangents at P and D meet on the 
asymptote. 

260. The equation to the hyperbola referred to conjugate 
diameters as axes is 

^-•^ = 1 (1) 

Hence the equations to the asymptotes referred to these 
axes are 

h'x h'x 

y=-^' y=-^ (')• 
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For we may shew as in Art. 243 that the lines denoted by 
(2) are the only lines through the centre which meet neither 
{]) nor its conjugate. Hence these lines are the asymptotes 
by Art. 258. 

Or the same conclusion may be obtained thus ; the original 
equation to the hyperbola is 

and that to the two asymptotes 

2 Z2 — ^' 

a 

If by substituting for x and y their values in terms of the 
new co-ordinates x and y , and suppressing accents on the 
variables, the former equation is reduced to 

the latter must become, by the same substitution, 

'2 Z.'2 — ^" 

a 

261. To find the equation to the hyperbola referred to the 
asymptotes as axes. 

Let GX, CY, be the original axes ; CX', GY'j the new 
axes, so that CX' and GY' are inclined to GX on opposite 

sides of it at an angle a such that tan a = - . Let x, y, be 

the co-ordinates of a point F referred to the old axes ; x, y', 
the co-ordinates of the same point referred to the new axes. 
Draw PM' parallel to GY', and FM and M'N, each parallel 
to GY. Then 

x=GM=GN+NM 

= {x' + y') cos a. 
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So y = PM= {y — x') sin a. 

Also cos«= ., „ ,„. , sin a = ,, ., ,.., ; substitute these 
V(«+o) V(«+o) 

values in the equation 

then a^V" {y' - xf - o^W [y' + a;')" = - ctV {a^ + ¥) 



or, 



, , a' + V 



xy 



4 ' 



or, suppressing the accents, 



xy. 



a^+l^ 



The equation to the conjugate hyperbola referred to the 
same axes is (Art. 242) 



xy 



a' + b' 
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262. To find the equation to the tangent at any ^oint of an 
hyperbola wlien the curve is referred to its asymptotes as axes. 

Let x, y', be the co-ordinates of the point ; 

x', y", the co-ordinates of an adjacent point on the curve. 
The equation to the secant through these points is 

y-y'-i^i'^-'^') (!)• 

Since («', y') and (a;", y") are points on the hyperbola 
x\J=l{a^ + h\ 
a;Y=l{a^ + V); 

ti It t r 

. . X y =xy . 

Hence (1) may be written 

x'y' , 

-^ -y 

y-y = a."_a.' {^-^), 

or, y-y' = -^,{x-x'). 

Now in the limit x'=x' ; hence the equation to the tan- 
gent at the point («', y') is 

2/-/ = - J («-«') (2). 

This equation may be simplified ; multiply by x, thus 

, „ , , a' + V 
yx +xy ='2xy = ^ . 

263. To find where the tangent at {x, y') meets the axis 
of X put y = in the equation 



yx + xy =- 



2 



d' + b^ Ixy „ , 
thus «=-s-^ = — r- = 2a;. 

2^ y 
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Similarly to find where the tangent cuts the axis of y put 
a; = in the equation; thus 

a^ + V" 'ix'y' „ , 

Thus the product of the intercepts =4=x'y' =c^ + F. The 
area of the triangle contained between the tangent at any 
point and the asymptotes is equal to the product of the 
intercepts into half the sine of the included angle 

= ^{d' + V) sin 2a = (a" + V) sin a cos a = ah, 
and is therefore constant. 

Since the tangent at («', y') cuts off intercepts 2a;', 2y', from 
the axes of x and y respectively, the portion of the tangent at 
any point intercepted between the asymptotes is bisected at 
the point of contact. 



Polar Equation. 

264. To find the polar equation to the hyperbola, the 
focus being the pole. 

Let HP= r, AHP= 6 ; (see fig. to Art. 209) 

then SP=ePJV, by definition; 

that is, HP=e{ 0H+ EM) ; 

or r = « (e" - 1) + er cos ipr-O), (Art. 212) ; 

.-. r (l + ecos0) =«(«"- 1), 

a{e^-\) ,, 

1 + e cos y ^ 

If we denote the angle XHP by 6, then we have as before 

HP=e{On+HM); 
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thus r=a {e'—l) +er cos 6, 

a{e'-l) 



and 



■ e cos 6 



.(2). 



We may also proceed thus ; in the figure to Art. 218 
suppose SP= r and P8n= 6 : 



then 
that is, 
or 

and 



8P=ePN', 
SP=e{SM-8E'); 

r = er cos 6 — a {e'—l); 
.-. r {ecosd—1) =a (e^ - 1) 
a {e" - 1) 



e cos — 1 



(3). 



265. It will be a good exercise to trace the form of the 
hyperbola from any of these polar equations. Take for ex- 
ample the equation (1) ; suppose 6 = 0, then r = a{e — l); 
we must therefore measure off the length a{e—l) on the 
initial line from the pole H, and thus obtain the point A as 
one of the points of the curve. 
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As 6 increases from to - we see from (1) that r increases; 

cos is negative when is greater than - and r continues to 

increase. Let a be such an angle that 1 + e cos a = 0, that is, 

cos a = , then the nearer 8 approaches to a the greater r 

hecomes, and by taking 6 near enough to a, we may make r 
as great as we please. Thus as increases from to a that 
portion of the curve is traced out which begins at A and 
passes on through J* to an indefinite distance from the origin. 

When is greater than a, r is negative, and is at first in- 
definitely great and diminishes as increases from a to tt. 
Since r is negative we measure it in the direction opposite to 
that we should use if it were positive. Thus as increases 
fi-om a to TT that portion of the curve is traced out which 
begins at an indefinite distance from G in the lowei; left-hand 
quadrant, and passes on through Q to A'. HA' is found by 
putting ^ = TT in (1) ; then r becomes — a (e + 1) therefore 
HA' is in length = a (e + 1). 

As increases from vr to 27r — a, r continues negative and 
numerically increases, and may be made as great as we please 
by taking sufficiently near to 27r — a. Thus the branch of 
the curve is traced out which begins at A' and passes on 
through Q to an indefinite distance. 

As increases from 27r — a to 27r, r is again positive, and 
is at first indefinitely great and then diminishes. Thus the 
portion of the curve is traced out which begins at an indefi- 
nitely great distance from Cin the lower right-hand quadrant 
and passes on through P' to A. 

The asjrmptotes CL and CL' are inclined to the transverse 
axis at an angle of which the tangent is -; hence cos LG A 

= ~rr-o — T^ = -i and cos LGA' — ; that is, LGA' = a. 

Thus as approaches the value a the radius vector approaches 
to a position parallel to GL. Similarly as approaches the 
value 27r — a the radius vector approaches to a position parallel 

to gl: 
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266. As in Art. 205 it may he shewn that the polar 
equation to a chord subtending at the focus an angle 2/3 is 

I 
e cos ^ + sec /3 cos (a — 0) ' 

a — /3, and a + /3 heing respectively the vectorial angles of the 
lines which join the focus to the ends of the chord, and I the 
semi-latus rectum. 

Hence the polar equation to the tangent is 

I 

T = — ' — ' . 

e cos 6 + cos (a — 6) 

267. The polar equation to the hyperbola, the centre 
being the pole, is (Art. 206) 

r^ (a' sin"" 6 -V cos' 6') = - a%\ 

Arts. 207, 208, are applicable to the Hyperbola. 

Equilateral or Rectangular Hyperhola. 

268. If in the equation to the ellipse a^-tf + Va? = d^F, 
we suppose h = a, we obtain a? + 'jf = o? which is the equation 
to a circle ; so that the circle may be considered a particular 
case of the ellipse. If in the equation to the hyperbola 
aV — Va? = — cfP we suppose b = a we. have i/'' — x'=— a'. 
We thus obtain an hyperbola which is called the equilateral 
hyperbola from the equality of the axes. Since the angle 

between the asymptotes, which = 2 tan"' — , becomes a right 

angle when b=a, the equilateral hyperbola is also called the 
rectangular hyperbola. 

The peculiar properties of the rectangular hyperbola can 
be deduced from those of the ordinary hyperbola by making 
b = a. 

Thus since J" = a" (e" - 1) we have e'' — 1 = 1 , .*. e = V2. 

The equation to the tangent is (Art. 220) 

yy' — ococ!-=— c?. 
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From Art. 227 PG = PG' = ^J{rr'). 

The equation to the conjugate hyperbola is, by Art. 242, 

Thus the conjugate hyperbola is the same curve as the 
original hyperbola, though differently situated. 

By Art. 248, GP^ CD, and therefore by Art. 259, CP 
and CD are equally inclined to the asymptotes. 

EXAMPLES. 

1. The radius of a circle which touches an hyperbola and 
its asymptotes is equal to that part of the latus rectum which 
is intercepted between the cm-ve and asymptote. 

2. A line di-awn through one of the vertices of an hyper- 
bola and terminated by two lines drawn through the other 
vertex parallel to the asymptotes will be bisected at the other 
point where it cuts the hyperbola. 

3. If a straight line be drawn from the focus of an hyper- 
bola the paxt intercepted between the curve and the asymptote 

= -. — ;= , where and a are the angles made respectivelv 

sma + sm^' ^ ^ •' 

by the straight line and asymptote with the axis. 

4. PQ is one of a series of chords inclined at a constant 
angle to the diameter AB of a circle, find the locus of the 
point of intersection of AP, BQ. 

5. P is a point in a branch of an hyperbola, P' is a point 
in a branch of its conjugate, GP, GP', being conjugate semi- 
diameters. If S, 8', be the interior foci of the two branches, 
prove that the difference of 8P and S'P' is equal to the dif- 
ference oi AG and BG. 

6. If X, y, be co-ordinates of any point of an hyperbola, 
shew that we may assume a; = a sec a, y=-i tan Q. 
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7. A line is drawn parallel to the axis of y meeting the 
hypertola -j — tj = 1, and its conjugate, in points P, Q ; shew- 
that the normals at P and Q intersect each other on the axis 
of X. Shew also that the tangents at P and Q intersect on 
the curve whose equation is y {c^if — JV) = 46V. 

8, Tangents to an hyperbola are drawn from any point in 
one of the branches of the conjugate ; shew that the chord of 
contact will touch the other branch of the conjugate.' 

Find the equation to the radii from the centre to the points 
of contact of the two tangents, and if these radii are perpen- 
dicular to one another, shew that the co-ordinates of the point 
from which the tangents are drawn are 



V(^M^)' V(^ 



2^ - a 



9. Two lines are drawn through the focus of an ellipse 
including a constant angle ; tangents are drawn to the ellipse 
at the points where the lines meet the ellipse ; find the locus 
of the intersection of the tangents. 

10. Under what limitation is the proposition in Example 
30 of Chapter x. true for the hyperbola ? 

11. The ratio of the sines of the angles made by a diameter 
of an hyperbola with the asymptotes is equal to the ratio of 
the sines of the angles made by the conjugate diameter. 

12. With two conjugate diameters of an ellipse as asymp- 
totes a pair of conjugate hyperbolas is constructed ; prove that 
if one hyperbola touch the ellipse the other will do so like- 
wise ; prove also that the diameters drawn through the points 
of contact are conjugate to each other. 
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CHAPTER Xm. 

GENERAL EQUATION OF THE SECOND DEGREE. 



269. We shall now shew that every locus represented by 
an equation of the second degree is one of those which we 
have already discussed, that is, is one of the following; a 
point, a straight line, two straight lines, a circle, a parabola, 
an ellipse, or an hyperbola. 

The general equation of the second degree may be written 

ax" 4- ixy -{-cif+dx+ey +f= ; 

we shall suppose the axes rectangular; if the axes were 
oblique we might transform the equation to one refeiTed to 
rectangular axes, and as such a transformation cannot affect 
the degree of the equation (Art. 87), the transformed equation 
will still be of the form given above. 

If the curve passes through the origin /= ; if the curve 
does not pass through the origin / is not = 0, we may there- 
fore divide by y and thus the equation will take the form 

a a? + i'ay + c'lf + d'x + e'y + 1 = 0. 

270. We shall first investigate the possibility of removing 
from the equation the terms involving the first powers of the 
variables. 

Transfer the origin of co-ordinates to the point [h, Tc) by 
putting 

x = x'-\-h, y=y'+h, 

and substituting these values of x and y in the equation 

ax^ + hxy + cy^ + dx + ey+f=0 (1) ; 

T. c. S. 15 
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thus we obtain 

ax"^ + hx'y' + cj/" + {lak + lk + d)x' + {2ck + hh + e) y 

+/ = (2), 

where f =-ah^ + hJik + ck^ + dh+ek+f. (3). 

Now, if possible, let such values be assigned to h and k as 
to make the coefficients of x' and y vanish ; that is, let 

2ah+hk-\-d = Q, and 2c^ + JA + e = 0; 

, , Q-cd — he , 2ae — hd 

thus h = -rr, — -. — , k = 72 — ; — . 

b' - 4ac b' — iac 

It will therefore be possible to assign suitable values to h 
and k, provided b^ — Aac be not = 0. 

We shall see that the loci represented bj the general equa- 
tion of the second degree may be separated into two classes, 
those which have a centre, and those which in general have 
not a centre, and that in the former case b^ — iac is not zero, 
and in the latter case it is zero. We shall first consider the 
case in which 6' — iac is not zero, and consequently the values 
found above for h and k are finite. 

Equation (2) thus becomes 

ax'' + bx'y' + cy"+f=0 (4). 

Now if (4) is satisfied by any values x^, y^, of the variables, 
it is also satisfied by the values — sc^, —y^. Hence the new 
origin of co-ordinates is the centre of the locus represented 

by (i). 

Thus if b' — iac be not = 0, the locus represented by (1) 
has a centre, and its co-ordinates are h and k, the values of 
which are given above. 

The value of/' may be found by substituting the values of 
h and k in (3) ; the process may be facilitated thus ; we have 

2ah + hk + d=0, 

2ck +bh+e=0. 
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Multiply the first of these equations hy Ti, and the second by 
/c, and add ; thus 

laW + Icli + 2SM + c?A + ei = 0, 

or ^f-dh-eh-'if=0; 

,, _ dh + ek 
• • J — /+ 2 

_ „ cd^ + ae^ — bed 
""•^■^ V-iac ■ 

We shall retain /' for shortness. 

271. We may suppress the accents on the variables in (4) 
of the preceding article and write it 

ax' + hxi/ + cf+f' = (5). 

This eqiiation we shall further simplify by changing the 
directions of the axes. (Art. 81.) 
Put x = x' cosO — y sin Q, 

y = x sin ^ + y' cos 6, 
and substitute in (5) ; thus 
cc" (« cos' e+c&We+h sin 6 cos 6) 

+ y^ {a sin" + c cos" ^ - & sin 6 cos 6) 

+ xy {2 (c - a) sin (9 cos 61 + 5 (cos" 9 - sin' 5)} +/' = 0...(6). 
Equate the coefficient oix'y' to zero; thus 

2 (c - a) sin 6 cos 6 + 1 (cos"0 - sin" 6) = 0, 
or (c-a) sin20 + 5cos20=O; 

.-. tan 20 = -^ (7). 

a — c 

Since ^ can always be found so as to satisfy (7), the term 
involving x'y' can be removed from (6), and the equation 
becomes 15-^2 



a-c' 
a — c 




'Jib'+ia- 
b 


■cfV 
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so"' {a COS* 6 + c sin^ 6 + hBm6 cos 6) 

+ y'^ {a sin' 6 + c cos' 6' - 5 sin 61 cos 6) +/' = 0, 

or Ax'+By"+f' = (i (8), 

where ^ = ^ {a + c + (a — c) cos 2^ + & sin 20}, 

B=\{a + c- {a-c) 009.26-1 sin 2^}. 

Since tan 26 = 

cos 26 = 

and sin 26 = ,„„ , , rm ■ 

V{^ +(a-c)'} 

Hence ^ = | [a + c + VF+ («-c)'}], 

B = \\a + c-^/[b'+{a-cY]-\. 

We may suppress the accents on the variables in (8) and 
write it 

A ^ B ^ ^ 

(1) If A, B, and/' have the same sign the locus is impos- 
sible. 

(2) If ^ and 5 have the same sign and/' have the con- 
trary sign, the locus is an ellipse of which the semi-axes are 
respectively 

\/(-2)' ^^^V(-S)- ^^''-'''-^ 

The locus is of course a circle if ^ = i?. 

(3) If A and B have different signs the locus is an 
hyperbola. (Art. 211.) 

We have supposed in these three cases that /' is not = ; 
if /' = 0, and A and B have the same sign the locus is the 
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origin ; ii f = 0, and A and B have different signs the locus 
consists of two straight lines represented by 



^=±\/(-^)^- 



From the values of A and B we see that 



4 
Aac - F 



Hence A and B have the same sign or different signs 
according as ¥—iac is negative or positive. 

272. Hence we have the following summary of the Results 
of the preceding articles of this chapter. The equation 

ax" + hxy + cy^ + dx + ey +f= 

represents an ellipse if b" — iac he negative, subject to three 
exceptions in which it represents respectively a circle, a point, 
and an impossible locus. If h" — Aac he positive the equation 
represents an hyperbola subject to one exception when it 
represents two intersecting straight lines. 

273. We may notice that the equation in Art. 271, 

tan 26= , 

a — c 

has an infinite number of solutions ; for if 2a be one value of 
2d which satisfies the equation, then if 2^ = 2a + nir, where n 
is any integer, the equation will be satisfied. But these dif- 
ferent solutions will all give the same position for the axes. 

For the values of d are comprised in the expression a + — - , 

and by ascribing different values to n we obtain a series of angles 

each differing from a by a multiple of - , and the only changes 

that will arise from selecting different values of n are that the 
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axis of X in one case may occuf)y the position of the axis of y 
in another and vice versa, or the positive and negative direc- 
tions of the axes may be interchanged. 

The radical in the value of cos 20 and of sin 20 in Art. 271 
may have either sign ; but the sign must be the same in both 

in order that the relation tan 20 = may hold. 

a — c •' 

274. It appears from the former part of Art. 271, that by 
turning the axes through an angle the equation 

ax'' + bxy + cf+f' = 
becomes 

a'x" + h'xy + cy''+f = 0, 
where 

a' = i{a + c + {a — c) cos 20 + h sin 20], 

y ={c- a) sin 20 + 1 cos 20, 

c = \{a + c — {a — c) coa20 — h sin 29]. 

Hence a' + c' = a + c ; and 

S" - 4a'c' = {(c - a) sin 20 + h cos 20f 

- (a + of + [[a - c) cos 20 + 1 sin 2^}' 

= {a-cy + V-{a + cy 

Thus the expression V — 4ac has the same value whether it 
be formed from the coefficients of the general equation of the 
second degree hefore or after the axes have been shifted. 

The same remark applies to the expression a + c. 

Hence we conclude that if the curve represented by the 
general equation 

aa? + Ixy + cy^ + dx + ey +f= 

be a rectangular hyperbola, a + c = 0; for if the curve were 
referred to its transverse and conjugate diameters as axes this 
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relation would hold, and therefore, as we have just seen, it 
must always hold whatever be the axes. 

275. We have next to consider the case in which 

5'-4ac = 0. 

We cannot now as in Art. 270 remove the terms involving 
the simple power of the variables from the general equation, 
but we can still simplify the equation as in Art. 271, by 
changing the direction of the axes. 

Let the equation be 

ax' + lxy + cy^ + dx + ey +f=(i (1); 

put x = x' cos d —y sin 6, 

y = x' s,in9 + y cos Q, 
then (1) becomes 

a;" (a cos' ^ + c sin" ^ + & sin ^ cos 6) 

+ y'^ [a sin" ^ + c cos' ^ - 5 sin d cos &) 
+ soy' {2 (c - a) sin ^ cos 5 + J (cos' 6 - sin' &)] 

+ x' (c^cos + e sin 6) +y' (e cos 6 -dsinO) +/= (2), 

h 



Now let tan 26 = ■ 



a — c 



then the coefEcient of x'y' in (2) vanishes, and as in Art. 271 
the coetficients of a;" and y' are 

i[« + c±V{(«-c)' + 5'}]. 

One of these coefficients must therefore vanish since their 

product is — - — , which, by hypothesis, = ; suppose the 

coefficient of x" = 0, thus by suppressing accents on the 
variables, (2) may be written 

Cf + Dx + Ey+f=Q (3). 
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If D be not = 0, this may be written 

and thus the locus is a parabola. (Art. 125.) 

If D = then (3) represents two parallel straight lines, or 
one straight line, or ari impossible locus, according as E'^ is 
greater, equal to, or less than 4 Gf. 

Hence if h^ — iac = the equation 

oic^ + hxy + cy^ + dx + ey +f= 

represents a parabola subject to three exceptions, in which it 
represents respectively two parallel straight lines, one straight 
line, and an impossible locus. 

By combining this result with those enumerated in Art. 
272, we have a complete account of the general equation of 
the second degree. 

276. We have shewn in Art. 270, that when 5^ — 4«c is 
not = 0, the general equation of the second degree represents 
a central curve ; we shall now prove that when If — Aac = 
the curve has not a centre except when the locus consists of 
two parallel straight lines. 

If a curve of the second degree have the origin of co-ordinates 
for its centre, no term involving the first power of either of the 
variables alone can exist in the equation. 

For if possible suppose that the origin of co-ordinates is 
the centre of the curve 

ax^ + hxy + cy' + dx + ey -^-f =Q (1), 

and let x^, y^, be the co-ordinates of a point on the curve and 
therefore — a?!, —y^, co-ordinates of another point on the curve; 
substitute successively in (1), then 

ax^ + hx^y^ + cy^ + dx^ + ey, +/= 0, 

ax^. + hx^y^ + cy^ — dx^ — ey, +/= ; 
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therefore, by subtraction, 

2{dx^ + ey,)=0 (2). 

Now unless d and e both yanish, (2) can only be true when 
{x^, yj lies on the line 

dx + ey = 0. 

But the centre of a curve is a point which bisects every 
chord passing through it; hence the origin of co-ordinates 
cannot be the centre of the curve (1) unless both d and e 
vanish. 

277. If then we have an equation 

ax^ + 1)0:^1 + cy^ + dx + ey +f=Q (1), 

in which h^ — iao = 0, and d and e are not both zero, we 
conclude that the curve has no centre ; for if it had a centre 
and we took that centre as the origin of co-ordinates, the 
terms involving the first power of x and y would vanish ; 
but we know from Art. 270 that since b^ — iac = 0, we cannot 
by changing the origin destroy these terms, and we know from 
Art. 274 that we cannot alter the value of b^ — iac by chang- 
ing the direction of the axes. 

If, however, d and e are both zero, (1) becomes 

aa^ + bxy + cy^+f=0 (2), 

and thus, if the locus be possible, it is a central curve. 

Jf J" _ iac = 0, equation (2) may be written 



X 






If / and a are of different signs the locus consists of two 
parallel straight lines"; if/ and a are of the same sign the 
locus is impossible. 

278. We may obsei-ve that relations similar to those 
obtained in Art. 274 hold when the axes of co-ordinates are 
oblique. For suppose the equation 

ax^ + bxy + erf +/'= 
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to be referred to rectangular axes, and let the axes be trans- 
formed into an oblique system inclined at an angle a ; sup- 
pose moreover that the new axis of x coincides with the old 
axis of X. We have then to put (Art. 84) 

x = x -\-y cos Q), y =y' sin m ; 

substitute these values in the above equation and it becomes 

where d = a, 

V = 2a cos o) + 5 sin 0), 

c' = a cos' o) + 5 sin ft) cos &> + c sink's) ; 

thus V - ia'c = {V - 4ac) sin' <o, 

and a! + c — V cos w = (a + c) sin" &> ; 

so that — ^-5 = 6 — 4ac, 

sm ft) 

, d ■\-c —V cos 0) 

and i— 2 =a-^c. 

sm ft) 

Therefore, by means of Art. 274, we conclude that for any 
system of axes, rectangular or oblique, the expressions 

5'" — 4a'c' , d + c' ~h' cos (o 

— r-s and ^-s 

sm ft) sm ft) 

remain unchanged when the axes are changed. 

See Salmon's Conic Sections, 3rd Edition, pages 142, 143. 

279. We shall now shew how to trace a curve of the 
second degree from its equation without transformation of 
co-ordinates; the axes may be supposed oblique or rect- 
angular. 

Let the equation be 

aa? + hxy + cy'^ + dx + ey +/=() (1). 
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Solve the equation with respect to y \ thus 



e 



^tere « = --, ^ = --, 

_ be- icd e^-icf 

I. Suppose V — iac negative, and write — fi for „ — ; 
thus (3) becomes 

y = aa; + /3 + {-/i(a;'+2pa; + 2)}* (4). 

Now d'+2j>x + q = (x+^y + q—^^; 

if then q — «* be positive, the quantity under the radical is 
negative ana the locus impossible ; 

if q —p* = 0, the locus is the point determined by 

if g- — p' be negative, we may put 

(a; +j>y + q-f= {x +p + V(/ -s)}{^+I>- V(/ - q)] 

= {x — y){x — B) suppose ; 

and thus (4) may be written 

7/ = ax + ^ ±{-ti{x-ry){x-B)}'^ (5). 

Since {x — 7) {x — S) is positive, except when x lies between 
7 and S, the values of y in (5) are real only so long as x lies 
between 7 and S. Moreover y is always finite, and thus the 
curve represented by (5) is limited in every direction. 
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Since we know from our previous investigations that (5) 
must represent one of the curves enumerated in Art. 269, it 
follows that it must represent an ellipse. 

From the form of equation (5) we see that the chords 
parallel to the axis of y are bisected by the line 

y = ax + ^ (6). 

For let there he two points on the curve (5) having the 
common abscissa ai^, and the ordinates ?/', y", respectively; and 
let y^ be the corresponding ordinate of (6), 

then y^ = ax^ + /3, 

y'=a.x^ + ^ + [-li (x^ - 7) [x^ - 8)}^ 

y" = ax, + ^-{-ii {x, - 7) {x^ - B)}K 

Thus, y,=i(y+y'); 

and therefore the point {x^, yj lies midway between the points 
(a?!, y') and (a;,, y"). 
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In the figure DCD' represents the line y = ax + ^; the 
abscissae of D' and D are 7 and S respectively ; supposing 
h greater than 7. The centre G is midway between D' and 
D; its abscissa is therefore i(7 + S). The equation to the 
curve will give the ordinates of i>', D, G', G. Since GG' is 
parallel to the chords which D'D bisects, DD' and GG' are 
conjugate diameters. GG' is a known quantity since the 
ordinates of G and G' are known. DD' is also a known 
quantity since the abscissae and ordinates of D and D' are 
known. The angle between GG' and DD' is known from 
the equation to DD' ; the axes of the ellipse may therefore be 
found (Arts. 193, 195). 

72 J 

II. Suppose J' — 4ac positive ; put fj, for — — , — ; thus 

equation (3) becomes 

y = a:x + ^±[fi,{o^+2px + g)]^ (7). 

Now x^ + '2px + c[={x+pf + q—p^; 

if then q^—p^ be positive, the quantity imder the radical is 
always positive, whatever positive or negative value be as- 
signed to X. The curve therefore extends to infinity. Also 
it may be shewn as before, that the line 

^ = ax + yS 

is a diameter of the curve ; but it never meets the curve, be- 
cause the quantity a;^ + %?« + g or [x + pf + g- — »* cannot 
vanish. Hence the curve consists of two unconnected branches 
extending to infinity, and is therefore an hyperbola. 

\i q—j^ = (i, (7) becomes 

y=ax + ^±>^IJL{x -\-p). 

The locus now consists of two intersecting lines. 

If g^ —p^ be negative we may as before write (7) in the 
form 

y = aa; + y8 + {/i (as — 7) (a; - S)}*, 

Hence x may have any value, positive or negative, except 
those between 7 and 8; hence the curve consists of two 
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unconnected branches extending to infinity, and is therefore an 
hyperbola. 

We shall be assisted in drawing any example of this case 
by ascertaining the position of the asymptotes. 

The equation to the curve is 

y = ax + /3 + {/i (aj^ + Ipx + g')}^ ; 



X X 

Expand by the Binomial theorem ; thus 



= ax + ;8 ± X V/* {1+ i f ?2 + 1) +&C I 



^" ■ ■ - ' • ( ' ' \x ' xy ' ) 

= ax + ^±'s/fi{x +j>) + &c. 

The terms included in the &c. involve negative powers of 
X, and may therefore be made as small as we please by suf- 
ficiently increasing x ; hence from the nature of an asymptote 
the required equations to the asymptotes are 

2/ = ax + j8 + V/* (« +i>), 
and ?/ = ax + /S — V/^ (x +p). 

Hence we can draw the asymptotes, and therefore the axes, 
for they bisect the angles between the asymptotes. The 
intersection of the asymptotes is the centre, and thus the 
situation and form of the hyperbola are known. 

The expression 

,_ {e'- icf) {V - 4ac) - {he - icd)" 
^ P - ' {h'^-iacY ' 

this vanishes when 

{i - 4c/) [W - 4ac) - (Je - 'icd^ = 0, 

and therefore when 

(&' - 4ac)/+ ae + c(f - JetZ = ; 

so that if this relation holds the locus represented by (1) 
consists of two intersecting straight lines. 
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We have hitherto supposed that c is not zero, and as 
J' — 4ac cannot be negative if c he zero, it was not necessary 
to advert to the possibility of c being zero while considering 
the first case. But as c may be zero consistently with J^— 4ac 
being positive, we must now examine the consequences of 
supposmg c zero. 

The equation (1) may be solved with respect to x instead 
of with respect to y. Hence it will be found on investigation 
that the results hitherto obtained, when ¥ — iac is positive, 
are certainly true provided that a and c are not both zero ; the 
latter case requires further examination. Suppose then a = 
and c = ; thus (1) becomes 

bxy + dx + ey +/= ; 

by changing the origin this can be put in the form 

ix'y'+f=0, 

, If-de _ 
where / = — g — , 

the curve is therefore an hyperbola with the new axes for its 
asymptotes, except when hf— de = 0, and then it becomes 
two intersecting straight lines. When a = and c = 0, the 
expression 

{V - 4.ac)f+ ai + cd? - led 

reduces to h (bf— de) ; thus we conclude that when Z»' — lac 
is positive the equation (1) always represents an hyperbola, 
except when 

[V - 4ac)/+ ae^ + cd^- led = 0, 

and then it represents two intersecting straight lines. 
III. Suppose &'-4ac = 0, then (2) becomes 

3, = - ^^ ± i {2 (Je - 2c^) x + e' - 4c/}'^, 
which may be written 
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where 

" = -20' ^=-¥c' 
p =2 (be-'icd), q = e' - icf. 

lip' be positive, the expression under the radical is positive 
or negative, according as x is algebraically greater or less 

than — ^ ; if »' be negative, the statement must be reversed, 

cases the curve extends to infinity in one direction 
only and is therefore a parabola. 

The line 3/ = aa; + /8 is a diameter, bisecting all ordinates 
parallel to the axis of ?/, and meeting tlie parabola at the 

point for which x = — ^. 
P 

If p' = 0, the equation becomes 

2/ = ax + ^ + ^; 

this equation represents two parallel straight lines if q is 
positive, and one straight line if g' = ; if q is negative, the 
locus is impossible. 

We have hitherto supposed in considering the third case 
that c is not zero ; if c = fl, then b = 0, since b^ — iac = ; 
hence a and c cannot both be zero, for the equation (1) is 
supposed to be of the second degree. As before, we may 
solve equation (1) with respect to x, and thus determine the 
peculiarities which occur when c = 0. We have found for 
example when c is not zero, that the locus will consist of 
two parallel straight lines, when 



be — 2cd = 0, and e' — 4c/ is positive ; 

mer, if a be not zero, we can shew tl 
of two parallel straight lines when 

bd — 2ae = 0, and d^ — iaf is positive. 



in like manner, if a be not zero, we can shew that the locus 
will consist of two parallel straight lines when 
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By means of the relation ¥ — iac = 0, it is easily shewn that 
the second form of the conditions coincides with the first 
when a and c are hoth different from zero. When a = the 
first is the necessary form of the conditions, hiit we see that 
the second form will then also hold. When c = the second 
is the necessary form, though the first will then also hold. 
Hence we shall include every case hy stating that both forms 
of the conditions must hold. 

Similarly the conditions under which the locus will consist 
of one straight line, or will be impossible, may be investigated. 

280. We will recapitulate the results of the present chap- 
ter with respect to the locus of the equation 

aX' + Ixy + cy^ + dx + ey +f= 0. 

I. If b' — iac be negative, the locus is an ellipse admitting 
of the following varieties : 

(1) c = a, and — = cosine of the angle between the axes ; 
locus a circle, (Art. 104.) 

(2) {e' — icf) {b' — iac) — [be — 2cdY positive ; locus im- 
possible. 

(3) (e' - 4c/) {V - 4ac) - {be - Icdf = ; locus a point. 

II. If ¥ — 4,ac be positive the locus is an hyperbola, 
except when 

{V - 4:ac)f+ ae' + af- hde = 0, 
and then it consists of two intersecting straight lines. 

III. If J" — Aac = the locus is a parabola, except when 
be — 2cd = 0, and bd—2ae = 0; and then it consists of two 
parallel straight lines, or of one straight line, or is impossible, 
according as e" — icf and cP — iaf are positive, zero, or 
negative. 

T. c. s. 16 
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EXAMPLES. 

1. Find the centre of the curve 

x^ — ixy + Ay^ — 2ax + Aay = 0. , 

2. Find the centre of the ellipse 

3. What is represented by cuxf + 2hxy + cy'^ = 1, when 

4. Find the locus of the centre of a circle inscribed in a 
sector of a given circle, one of the bounding radii of the 
sector remaining fixed. 

5. In the side AB of a triangle ABC, any point P is 
taken, and PQ is drawn perpendicular to AC ; find the 
locus of the point of intersection of the straight lines BQ, 
GP. 

6. DE is any chord parallel to the major axis AA of 
■an ellipse whose centre is G; and AD, GE, intersect in P; 
shew that the locus of P is an hyperbola, and find the 
direction of its asymptotes. 

7. Tangents to two concentric ellipses, the directions of 
whose axes coincide, a,re drawn from a point P, and the 
chords of contact intersect in Q ; if the point P always lies 
on a straight line, shew that the locus of Q will be a rect- 
angular hyperbola. 

8. What form does the result in the preceding example 
take when two of the axes whose directions are coincident are 
equal ? 

9. Prove that an hyperbola may be described by the 
intersection of two straight lines which move parallel to 
themselves while the product of their distances from a fixed 
point remains constant. 
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10. Tangents to a paratola include an angle a ; shew that 
the locus of the point of intersection is an hyperbola whose 
excentricity is sec a. 

11. Find the latus rectum of the parabola 

{y — xf = ax. 

12. Shew that the product of the semi-axes of the ellipse 
/ - ixy + boi? = '2 is 2. 

13. Find the angle between the asymptotes of the hyper- 
bola xy = ha? + c. 

14. Find the equation to a parabola which touches the 
axis of a; at a distance a, and cuts the axis of y at distances 
/3, yS', from the origin. 

15. If two points be taken in each of two rectangular 
axes, so as to satisfy the condition that a rectangular hyper- 
bola may pass through all the four, shew that the position of 
the hyperbola is indeterminate, and that its centre describes 
a circle which passes through the origin and bisects all the 
lines which join the points two and two. 

16. Two lines of giyen lengths coincide with and move 
-along two fixed axes in such a manner that a circle may 
always be drawn through their extremities ; find the locus of 
the centre of the circle, and shew that it is an equilateral 
hyperbola. 

17. A variable ellipse always touches a given ellipse, and 
has a common focus with it; find the locus of its other focus, 
(1) when the major axis is given, (2) when the miaor axis is 
given. 

18. Draw the curve 

y - 5xy + &x^ - 14a;+ 53/+ 4 = 0. 

19. Draw the curve 

a?+f-Z{x + y)-xy = (i. 

20. Find the nature and position of the curve 

v" - Bxy + 25a;^ + 6cy - 42ca! + 9c' = 0. 

16—2 
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21. The equation to a conic section teing 

aa? + Ihxy + c?/'' = 1, 
shew that the equation to its alses is 

fl3y(a-c) = 6(a3'-/). 

22. The locus of the vertices of all similar triangles whose 
bases are parallel chords of a parabola will in general be 
another parabola ; but if any one of the triangles tovx;h the 
parabola with its sides, the locus becomes a straight line. 

23. A series of circles pass through a given point 0, have 
their centres in a line OA, and meet another line BC. Let 
M be the point in which one of the circles meets the line 
OA again, and let N be either of the points in which this 
circle meets BC. From ilf and N lines are drawn parallel to 
BG and OA respectively intersecting in P; shew that the 
locus of P is an hyperbola which becomes a parabola when 
the two lines are at right angles. 

24. The chord of contact of two tangents to a parabola 
subtends an angle /3 at the vertex ; shew that the locus of 
their point of intersection is an hyperbola whose asymptotes 
are inclined to the axis of the hyperbola at an angle ^ such that 

tan <^~\ tan j3. 

25. Determine the locus of the middle points of the chords 
of the curve 

ax" + 2hxy + cf +2ex + 2fy+g = 0, 

which are parallel to the line x sin d — y cos ^ = ; and hence 
find the position of the principal axes of the curve. 

26. Shew that the equation 

{x'-aY+(^''-ay = a* 
represents two ellipses. 
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CHAPTER XIV. 

MISCELLANEOUS PROPOSITIONS. 

281. We shall give in this chapter some miscellaneous 
propositions for the most part applicable to all the conic 
sections. 

To find the equation to a conic section, the origin and axes 
being unrestricted in position. 

Let a, h, be the co-ordinates of the focus ; and let the 
equation to the directrix be 

Ax + By+ (7=0. 

The distance of any point (a;, y) from the focus is 

{[x-aT+{y-W]K 
and the distance of the same point fi-om the directrix is 

Ax+By+ G 
^{A' + B') ' 

Let e be the excentricity of the conic section ; then if (a;, y) 
be a point on the curve we have, by definition, 

f, N2 / ^^2li e{Ax + By+C) ,, 

{(^-«r+(3/-^)T=^^-qrF)— (1); 

.-. {x-ay+{y-b) = jrj^i (2;- 

We see from (1) that the distance of any point in a conic 
section firom the focus can be expressed in terms of the first 
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powers of the co-ordinates of that point whatever be the origin 
and axes. This is usually expressed hy saying the distance of 
any point from the focus is a linear function of the co-ordinates 
of ike point. 

282. It will be seen by examining the equations to the 
conic sections given in the preceding chapters that any conic 
section may be represented by the equation 

2/^ = mx + no?. 

The origin is a vertex of the curve and the axis of x an 
axis of the curve ; m is the latus rectum ; in the parabola 
Ji = ; w is negative in the ellipse and positive in the hyper- 
bola. In the circle m is the diameter of the circle and 



283. To find the equation to the tangent at any point of a 
curve of the second degree. 

Let the equation to the curve be 

aa? ^Ixy + cy^ + dx + ey -Yf^Q (1), 

the axes being oblique or rectangular. 

Let X, y, be the co-ordinates of the point, 

x", y", the co-ordinates of an adjacent point on the curve. 
The equation to the secant through these points is 

3'-y=|7^-(^-a;') (2). 

Since {x, y') and {x", y") are on the curve, 

ax"' + hx'y + cy'^ + dx + ey +/= 0, 
ax"^ + 6a;"y" + cy"' + c?a;" + ey" +f= ; 
.-. a {x'" - x") + h {x'Y - x'y') + c {y'" -y") 

+ d{x"-x')+e{y"-y')=0, 
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or, ix" - x) {a («" + x) + ly" + d] 

+ (y'-y){c(y'+y)+5^'+e}=o; 

y" —y' _ a Joc' + te') + ly" + d 
' ' x" — x' c {y" + y') + 6a;' + e ' 

Hence (2) may be written 

a{a^' + x') + ly" + d , ,, 

V — y = 7-77 — k — T-t ix — x). 

^ ^ c{y' +y)+hx +e ^ ' 

Now in the limit x" = x' and y" = y ; hence the equation 
to the tangent at the point (a;', y) is 

This equation may be simplified ; we have by reduction 
y {^2cy' + hx; +e)+x (2aa;' + ly' + d) 

= y' {Icy' + Ix + e) + a;' (2aa;' + ly +d) 
= 2 (ax"' + Ix'y + c^" + <?a;' + ey +f) - dx - ey' - 2f; 
.-. y {2cy' + lx' + e)+x {^ax' + ly' + d) + dx + ey' + 2/= 0, 

(4)- 

li f= the curve passes through the origin, and the equa- 
tion to the tangent at that point becomes 

d 

which we see does not involve the coefficients of a;', y, or xy, 
in the equation to the curve. 

284. The equation to the normal at the point (a;', y) when 
the curve is expressed by equation (1) of the preceding article 
and the axes are rectangular, wiU be 



y-y=^ 2<^^iy'^d ^''-''^- 
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285. It may be shewn as in Art. ] 83, that if from a point 
Qi, h) two tangents be drawn to the curve expressed by 
equation (1) of Art. 283, the equation to the chord of con- 
tact is 

y {^clc + JA + e) + a; (2a/i -vVk -\- d) -\- dh -{■ ek -\- 2/= 0. 

286. All chords of a conic section which subtend a right 
angle at a given point of the curve intersect in the normal at 
that point. 

Take the given point of the curve as the origin of a system 
of rectangular axes, and let the equation to the curve be 

aoi? -{-hxy + cif^ + dx + ey = Q (1). 

The axis of x meets the curve at the points found by 
making ?/ = in the above equation, that is, at the points 

a; = 0, and a; = . 

a 

Similarly the axis of y meets the curve at the origin and 
also at the point for which y = — . 



Hence the equation 



d^ e ' 



xa yc ^ ^ 

-d + e+'-' (^)' 

represents the chord joining the points of intersection of the 
axes and curve. 

Also the equation to the normal to the curve at the origin 
is by Art. 284, 

2^ = 1^ (3)- 

Hence (2) and (3) meet in the point whose co-ordinates are 

— d —e 
a + c' a + c' 
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and whose distance from the origin is therefore 

^{d' + e') 
a + G 

Now change the directions of the axes preserving the same 
origin ; ■ the equation (1) will then hecome 

a'x" + h'x'y' + cY + d'x' + e'y' = 0. 

Also it appears from Arts. 274 and 275, that 

a' + c' = a + c, and d'^ + e'^ = d" + e\ 

Hence the normal at the origin will meet the new chord at 
the same distance from the origin as it met the original chord, 
that is, wiU meet it in the same point. Since this is true 
whatever he the directions of the axes it follows that all the 
chords intersect in the same point. 

287. By comparing Arts. 154, 204, and 264, we see that 
the polar equation to any conic section, the focus being the 
pole and the initial line the axis, is 

I 
~ l + ecos6' 

where Z = half the latus rectum. 

We shall use this in proving the following proposition. 

The semi-latus rectum of any conic section is an harmonic 
mean between the segments made hy the focus of any focal chord 
of that conic section. 

Let A'8P= 6, see fig. to Art. 158 ; 

I 



8P=: 



1 + e cos 6 ' 
Suppose FS produced to meet the curve again in F' ; 

.: 8F ^ 



1 + e cos (tt + ^) ' 
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1 1 1 + e COS 6 1 — e cos 

_2 

which proves the proposition. 

288. The polar equation to the tangent to a conic section, 
the focus being the pole and the initial line the axis, is (Art. 
205) 

- = ecos^ + cos (a — ^)....w (1), 

where a is the angular co-ordinate of the point of contact. 

Similarly the polar equation to the tangent at the point 
whose angular co-ordinate is jS, is 

-=ecos6l + cos(y8-6') (2). 

At the point where these tangents meet, we have 

cos(a-e) = cos(/3-6'). 
Now we cannot have 

since a and /3 are by supposition different ; we therefore take 
a-9 = e-l3, 

... .=i±-^. 

Thus the two tangents (1) and (2) meet at the point whose 
angular co-ordinate is — ;r — . 

For example, suppose the conic section an ellipse ; let 
A8P^a, A8Q = ^, 
and let the tangents at P and Q meet at T; 
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then AST^"^; 



that IS, the two tangents drawn from any point to an ellipse 
subtend equal angles at either focus. 

Similai-ly the two tangents drawn from any point to a para- 
bola subtend equal angles at the focus. 

With respect to the hyperbola we have to distinguish two 
cases. We have shewn in Art. 231, that from any point 
included between the asymptotes and the cmwe, two tangents 
can be drawn both meeting the same branch of the curve, but 
from any point included within the supplemental angles of 
the asymptotes two tangents can be drawn meeting different 
branches of the curve. 

If now the two tangents fi-om a point meet the same branch 
of an hyperbola, it may be shewn as in the case of the ellipse, 
that they subtend equal angles at either focus. We will 
consider the case in which the tangents meet different 
branches. 
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Let T be a point from which tangents TP, TQ, are drawn 
to different branches of an hyperbola. 

Let ASP=a; and let the angle which Q8 produced 
through 8 makes with A 8 be /8 ; then /3 is an angle greater 
than IT, and A8Q = 13 — ir. 

Thus the equations to TP and TQ will be respectively 

- =^ e cos + cos (a — ^), - = e cos ^ + cos (B — 6). 
r ^ r 

At the point T where they meet, we have 

cos (a - 6') = cos (/3- 61). 

We may therefore take 6 = , that is, we have — - — 

as the angle which y;6f produced makes with A8; thus 

AST^nr-^'AA, 



T8P=7r- 



/3-a 



T8Q- 



/8- 



2 ' ■* 2 

.-. T8P+T8Q = 7r; 
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that is, the angle which one tangent subtends at either focus 
is the supplement of the angle which the other tangent sub- 
tends at the same focus. 

289. We have given in Art. 120 the definitions of a pole 
and polar with respect to a given circle. The same definitions 
are used generally substituting conic section for circle. If then 
the equation to the curve be 

aic'' + })xy + cif -\- dx-Vey +/= 0, 

the equation to the j^olxxr of («', y) is (Art. 283) 

X {2ax + ly +d)+y {Icy' + hx + e) + dx + ey' + 2/= 0. 

290. If one straight 'line pass through the pole of another 
straight line, the second straight line ivill pass through the pole 
of the first straight line. 

Let {x, y) be the pole of the first straight line, and 
therefore 

x {2ax' + by' + d) +y {2cy' + ix' +e)+ dx' +ey' + 2/= 0...(1) 

is the equation to the frst straight line. 

Let {x", y") be the pole of the second straight line, and 
therefore 

X {2ax" + ly" ■\-d)-\-y i^cy" + Ix' + e) 

+ cZa;" + ey' + 2/=0 (2) 

is the equation to the second straight line. 

Since (1) passes through {x", y") we have 

x" {2ax' + by' + d)+ y" {2cy' + bx' + e)+dx'+ ey' + 2/= 0, 

that is, 

x' {2ax" + ly" +^+y' {2cy" + 6a;" + e) + dx" + ey" + 2/= ; 

hence (2) passes through {x', y'). 

291. The intersection of two straight lines is the pole of the 
line which joins the poles of those lines. See Art. 122. 
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292. If a quadrilateral ABCD he inscribed in a conic 
section, of the three points E, F, Gr, each is the pole of the line 
joining the other two. 




Let E be the origin ; EA, ED, the directions of the axes of 
X and y ; and let the equation to the conic section be 

aa? + hxy Jr cy^ + dx -\- ey -\r f=Q (1). 

Also suppose 

EA:^h, EB = h', 

ED = h, EC=h'. 



The equation to^Cis j + y = l. 






From (2) and (3) it follows that the equation 



^(T + 47l+y fr+^l = 2- 



h^ K 



h ' M. 



•(2), 

•(3), 

■(4), 
.(5). 

,.(6) 



represents some line passing through G. But from (4) and 
(5) it follows that (6) represents some line passing through F. 
Hence (6) must be the equation to EG> 
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Suppose in (1) that y = 0; then we have the quadratic 
00!^ + dx+f—0 ; 
and the roots of this equation are A and h' ; hence 

a a 

CI- -1 1 lie 

Similarly, _ + _=__.. 

Hence (6) becomes 

dx + ey + 2/= 0. 

But this, hy Art. 289, is the equation to the polar of the 
origin ; therefore FG is the polar of U. Similarly EG is the 
polar of F. Hence, by Art. 291, (7 is the pole of EF. 

293. To determine the form of the general equation to a 
conic section when the axes are tangents. 

Let aa? -\-'bxy + cy'+dx + ey+f=Q) (1) 

be the equation to the conic section. 

To find where the cm-Ye meets the axis of x, put ^ = 
in the above equation ; thus 

aa? + dx+f=Q. 

If the axis of x is a tangent to the curve it must meet the 
curve in only one point (see Art. 171) ; hence the roots of the 
above quadratic must be equal ; therefore 

d' = ^af (2). 

Similarly that the axis of y may be a tangent to (1) we 
must have 

e'=4c/. (3). 



256 CONIC SECTION EEFERRED TO TANGENTS AS AXES. 

Substitute the values of a and c from (2) and (3), tten (1) 
becomes 

(ZV + JLdfx + ey + 4e/y + 4J)jvcy + 4/' = 0, 
or, {dx +ey + iff + (45/- ide) xy = 0, 

/d e ,V 25/- ^e 

d___l_ ±__1 '2hf-de _ 

^^ 2/~ A' 2/~ jfc' 2/" '*' 

thus we obtain for the required equation 

But putting successively x and y = 0, we see that A is the 
distance from the origin to the point where the curve meets 
the axis of x, and k is the distance from the origin to the 
point where the curve meets the axis of y. 

If it be required to determine a conic section which touches 
two given straight lines in given points, and also passes 
through another given point, we may assume the last written 
equation to represent it, so that the lines to be touched are 
taken as the axes of x and y ; then by putting the co-ordi- 
nates of the additional given point in the equation we find a 
single value for fi. Thus there is only one conic section 
satisfying the data. 

294. Suppose the equation 

(1 + 1-0+'^^^ = ' (') 

to represent a parabola. Then, by Art. 280, 
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If /i = 0, (1) becomes 

X y 
1+1-' = '' 

this equation represents the straight line joining the points of 
contact of (1) with the axes. 

If /<■ = — TT J we have from (1), 



hk' 



^+l-lY=^ (9). 



h^k 






+ 1. 

We may write this 

sjh^l-'- (^)' 

remembering that the radicals may be positive or negative. 
Thus (3) is the equation to a parabola referred to two tan- 
gents as axes. 

295. We may notice the form of the equation to the 
tangent to the parabola 

/iVi-' «•■ 

The equation to the secant through (x^ y) and {x\ y") is 
ti t 

" ^ X —X ■ ' 

Since {x, y') and [x", y") are on the parabola, we have 
T.C. S. 17 
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and y" ~ y' ^ Vy" - Vy' Vy" + Vy' ^ v^ _ Vy" + Vy ' 

a;" — x s/x" — six ' tjx" + \/x' ^jh ' \Jx" + ^Jx' ' 
Hence the equation to the secant may be written 

„,__V^ Vy" + Vy' 
a/a ' V*" + V^' 

Hence we have for the equation to the tangent at {x', y') 

y X _ y' ^' _ 1 

V(^y') sj{hx)~ sj{ky') s/ijix) 

Similar Curves. 

296. Def. Two curves are said to be similar and similarly 
situated when a radius vector drawn from some fixed point in 
any direction to the first curve bears a constant ratio to the 
radius vector drawn from some fixed point in a parallel di- 
rection to the second curve. 

Two curves are said to be similar when a radius vector 
drawn from some fixed point in any direction to the first 
curve bears a constant ratio to the radius vector drawn from 
some fixed point to the second curve in a direction inclined at 
a constant angle to the former. 

The two fixed points are called centres of similarity. 

297. If two curves are similar, so that a pair of centres of 
similarity exists, then an infinite number of pairs of centres 
of similarity can be found. 
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For, suppose 0, 0', to denote one pair of centres of simi- 
larity; and let OP, OQ, be radii vectores of the first curve, 
and O'F, 0' Q, the corresponding radii vectores of the second 
curve, so that the angle PO Q = the angle P' 0' Q\ and 

OP _ OQ 
0'P~ O'Q" 

Suppose any point 8 taken and joined to ; then make 
the angle P'O'S" = the angle P08, the angles being measured 
in the same direction, and take 0' 8' so that 

a 8' O'F 
08~ OP' 
then 8 and >S" shall be centres of similarity. 

For join 8P, SQ, 8'P, 8'Q'; then the triangles 80P, 
8'0'P, are similar; and so also are the triangles 80 Q, 
8' 0' Q. Hence it easily follows that 



and 



the angle Q8P= Q'8'F; 
8P 8Q 



8'F~ 8'Q" 
and thus the proposition is established. 

298. AU paraholas are similar curves. 

Let 4o be the latus rectum of a parabola, and 4a' the latus 
rectum of a second parabola. The polar equations of these 
curves, the foci being the respective poles, are 









2a 




'' ~ 1 + cos ' 








2a' 




' ~H-cos0'" 


Hence, 


{{6 = 


■6', 


we have 



Thus any two parabolas are similar, and the foci are centres 

of similarity. 

17—2 
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299. To find the conditions that must hold that the 

curves 

a^ + Ixy + cf + dx + ey +/ = (1), 

a'x'+h'xt/ + c'y'' + d'x + e'y+f' = (2), 

may be similar and similarly situated. 

Suppose {h, k), {h', h'), the respective centres of similarity; 
for X and y in (1) put 

li + r cos 6, and h + r sinO 

respectively; we shall thus obtain a quadratic in r which 
may be written 

iy + Mr+N=(i (3). 

Por X and y in (2) put 

h' + r cos 6, and h' + r sin 6 

respectively ; we shall thus obtain a quadratic in r which 
may be written 

LV' + M'r' + N' = (4). 

Now that the curves may be similar and similarly situated, 
we must always have r — Xr, where X is some constant quan- 
tity; thus (4) becomes 

X^LV + \M'r+N' = (5). 

Since (3) or (5) will give the values of r, these equations 
must be identical; thus 

L _ M N 
X'L'~XM'~ N ^^^• 

Since neither N nor N' involves 6, we deduce as a neces- 
sary condition that -j-, must be constant whatever 6 may be. 
Put for L and L' their values ; then 

a cos^ d +hs,m6 aoaO + c sin'' 6 , , 

-; ia . T.' ■ a a-. — r-^-ra" = ^ Constant = ii say .. . (7); 

a cos^ + Ssm^cos^ -f-c sm''^ '^ •' : 

.-. {a - /la) cos^ 9+{h- ij,h') sin cos ^ + (c - fic') sin' 6 = 0. 
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Since this is to be true whatever 6 may he, it follows that 

Hence we have arrived at (8) as necessary conditions, in 
order that (1) and (2) may he similar and similarly situated. 
We have still to ascertain whether these are sufficient to 
ensure the similarity. The direct method would he to 
examine if h, k, h', k', can he so chosen as to make (6) hold ;. 
hut the following method is more simple. The equations (1) 
and (2), by means of (8), may be written 

aa? + hxy + c^' -{■ dx + ey +f= 0, 

ax' + hxy + cy' + fi {d'x + e'y +/') = 0. 

•I. Suppose b^ — iac = ; then each curve is in general 
a parabola, and therefore the curves are similar. This con- 
clusion is subject to • the exceptions that may arise when 
either locus instead of a parabola, becomes one or two straight 
lines, or impossible. See Art. 276. 

11. Suppose S" — iac hot = 0. We may then by changing 
the origin of co-ordinates for each curve reduce the equations 
to the form 

ax^ + hxy + cif -\-f^ = 0, 
a^ + hxy + cy^ -\-f^ = 0. 
By expressing these equations in polar co-ordinates, they 



give 



-A 



a cos^ ^ + & sin cos + c sin'' Q ' 

a cos" S' -1- J sin ^' cos ^' + c sin" & ' 

Thus, if ^ = &, we have — = constant. Hence the curves 

are in general similar and similarly situated. This conclu- 
sion is subject to the exceptions that may arise when either 
locus instead of a curve becomes two straight lines, or a point, 
or impossible. 
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300. Next, suppose we require the curves (1) and (2) of 
Art. 299 to be similar without the limitation of being similarly 
situated. For x and y in (1) we put respectively 

A + r cos 6, k + r sin 0. 

For X and y in (2) we put respectively 

h' + r'co3{0 + a), k' + r' sin{9 + a), 

where a is some constant angle at present undetermined. 
Proceed as in the preceding article ; instead of equation (7) 
we shall now have 

a cos' 6 + ham6 cos 6 + c sin' d 
a cos' {6 + a.) + b' sin {d + a) cos {d + a.) + c sin' {6 + a) 

= a constant = fi say. 
This may he written 

a cos' + 5 sin ^ cos ^ + c sin' 
Acos'e + Bsm0coa0+Csm'd^'^' 
where 

A — a cos' a + c sin' a + i' sin a cos a, 
B=2{c' — a) sin a cos a + b' (cos' a — sin' a), 
C=a' sin' a + c cos' a — h' sin a cos a. 
That the curves may he similar we must have 

a b G ' 

Hence each of these ratios must equal ; 

^ a + c ' 

B'_ {A + CY 
" V (a + c)' ' 

5' 5' 



•■ {A + cy {a + cy 

And ^=^i^; 

ac [a + c) 



Hence,. 
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AC _ ac 
£'-iAG h'-iac 



{A + cy {a + cY • 

But A + G=a' + c', and 

B'-4:A0= b" - ia'c', (Art. 274) ; 
b"-ia'c' _ b^-iac 

This relation must therefore hold, in order that the given 
curves may be similar. 

EXAMPLES. 

1. Straight lines are drawn through a fixed point ; shew 
that the locus of the middle points of the portions of them 
intercepted between two fixed straight lines is an hyperbola 
whose asymptotes are parallel to those fixed lines. 

2. Through any point P of an ellipse QPQ' is drawn 
parallel to the axis major, and FQ and PQ' each made equal 
to the focal distance 8F, find the loci of Q and Q'. 

3. In the given right lines AP, A Q, are taken variable 
points p, q, such that Ap : pP :: Qq : qA; prove that the 
locus of the point of intersection of Pq, Qp, is an ellipse which 
touches the given right lines in the points, P, Q. 

4. TP, TQ, are two tangents to a parabola, P, Q, being 
the points of contact ; a third tangent cuts these in p, q, 
respectively ; shew that 

TP^ T(4 

5. TP, TQ, are eqvMl tangents to a parabola, P, Q, being 
the points of contact; if PT, QT, be both cut by a third 
tangent, prove that their alternate segments will be equal. 
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6. From a point are drawn two lines to toucli a para- 
bola in the points P and Q ; another line touches the parabola 
in B and intersects OP, OQ, in 8 and T; if F be the inter- 
section of the lines joining PT, Q8, crosswise, 0, B, V, ai-e 
in the same straight line. 

7. From an external point two tangents are drawn to an 
ellipse ; shew that an ellipse similar and similarly situated • 
will pass through the external point, the points of contact, 
and the centre of the given ellipse. 

8. A and JB are two similar, similarly situated, and con- 
centric ellipses; C is a third ellipse similar to A and^, its 
centre being on the circumference of B, and axes parallel to 
those of ^ ox B; shew that the chord of intersection of A and 
C is parallel to the tangent to B at the centre of G. 

9. The line joining any point with the intersection of the 
polar of that point with a directrix subtends a right angle at 
the corresponding focus. 

10. If normals be drawn to an ellipse from a given point, 
the points where they cut the curve will lie on a rectangular 
hyperbola which passes through the given point and has its 
asymptotes parallel to the axes of the ellipse. 

11. If CM, MP, are the abscissa and ordinate of any point 
P in a circle, and MQ is taken equal to MP and inclined to 
it at a constant angle, the locus of the point Q is an ellipse. 

12. Having given the equation to a conic section 

ax^ + 2bxi/+f+f=0, 

find the locus of the intersection of normals drawn at the 
extremities of each pair of ordinates to the same abscissa. 

13. Any two points P, Q, are taken in two fixed lines 
in one plane such that the line PQ is always parallel to a 
given line ; P, Q, are severally joined with two fixed points 
H, B ; find the locus of the intersection of PH, QB. 
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14. The tangent at any point P of a circle meets the tan- 
gent at a fixed point A in T, and T is joined with B the 
extremity of the diameter passing through A ; shew that the 
locus of the point of .intersection of AF, BT, is an ellipse. 

15. The polar equation to a conic section from the focus 
being 

c cos d = h, 

r 

shew that the equation to a straight line which cuts it at the 
points for which ^ = a and ^ respectively, is 

c cos d = b cos o — sec - 



r V 2 / 2 

16. Chords are drawn in a conic section so as to subtend 
a constant angle at the focus ; prove that the locus of the foot 
of the perpendicular dropped from the focus upon the chord 
is a circle, except in a particular case when it becomes a 
straight line. 

17. If 8F, SQ, be focal distances of a conic section in- 
cluding a constant angle; shew that PQ touches a confocal 
conic. 

18. Having given two fixed points through which a conic 
section is to pass, and the directrix, find the locus of the 
corresponding focus. 

19. The focus and directrix of an ellipse are given; 
through the former a line is drawn making with the latter 
an angle whose sine is the excentricity of the ellipse. Find 
the locus of the points where this line meets the curve, the 
excentricity being variable. 

20. A series of conic sections is described having a com- 
mon focus and directrix, and in each curve a point is taken 
whose distance from the focus varies inversely as the latus 
rectum ; find the locus: of these points. 
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21. Two conic sections have a common focus 8 through 
■which any radius vector is drawn meeting the curves in P, Q, 
respectively. Prove that the locus of the point of intersection 
of the tangents at P, Q, is a straight line. 

Shew that this straight line passes through the intersection 
of the directrices of the conic sections, and that the sines of 
the angles which it makes with these lines are inversely pro- 
portional to the corresponding excentricities. 

22. A line is drawn cutting an ellipse in the points P, p ; 
let Q be either of the points in which the same line meets a 
similar, similarly situated, and concentric ellipse; shew that if 
the line moves parallel to itself, PQ . Qj> is constant. 

23. In two straight lines OX, OY, which intersect in 0, 
take OA = a. OB = b ; shew that the centres of all the conic 
sections which touch the lines in A and P lie on the straight 
line 

a7/ = bx. 

24. About two equal ellipses whose centres coincide, and 
whose major axes are inclined to each other at a given angle 
an ellipse is circumscribed ; if A and B be the semi-axes of 
the circumscribing ellipse, a and b the semi-axes of the equal 
ellipses, and 2a the inclination of their major axes, then will 

a'b' + A'B' = {A'b' + BV) cos^a + [AV + BW) &W a. 

Hence shew that about the two equal ellipses a similar 
ellipse may be circumscribed. 

25. Two similar ellipses have a common centre and touch 
each other ; if w be the ratio of their linear magnitudes, m 
the ratio of the major to the minor axis in either, and a. the 
inclination of their major axes, prove that 



sma 
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26. Two tangents (a, h) to a parabola intersect in P at an 
angle co, and a circle is described between these tangents and 
the curve ; shew that the distance of its centre from Pis 

ab 



{a + 1) sec - + 2>^/(ab) tan — 



27. If two chords at right angles be drawn through a 
fixed point to meet a curve of the second degree, shew that 

is constant, where R and r are the segments of one chord made 
by the fixed point, and B' and r' those of the other. 

28. The equation to the locus of the foci of all parabolas 
whose chords of contact with axes inclined at an angle a cut 
off a triangle of constant area is 

r = k»/ {sin 6 sin (a — 6)]. 

29. A parabola slides between two rectangular axes, find 
the curve ti-aced out by the focus. 

30. A parabola slides between two rectangular axes, find 
the curve traced out by the vertex. 

31. Successive circles ai-e drawn each touching the preced- 
ino- one externally and each having double contact with a 
given parabola ; shew that their radii form an arithmetical 
progression whose common difference is the latus rectum. 

32. A system of ellipses is represented by the equation in 
rectangular co-ordinates 

aal' + Icxy + by^ = « (a + i), 

where a, J, c, are vai-iable and n constant ; shew that every 
pai-allelogram constructed on a pair of perpendicular diameters 
as diagonals will circumscribe a certain fixed circle. 
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33. If from any point in the tangent to a conic section a 
perpendicular be dropped upon the line joining the focus and 
the point of contact, prove that the distance of the point in 
the tangent from the directrix is to the distance of the foot of 
the perpendicular from the focus as 1 : e. 

34. Upon a given straight line as latus rectum, let any 
number of conic sections be drawn, and from the focus let 
two straight lines be drawn intersecting them all ; then the 
chords of all the intercepted arcs will, if produced, pass 
through a single point. 

35. A line of constant leijgth moves so that its ends 
always lie on two given lines ; find the locus traced out by 
a point in the line which divides it in a given ratio. 

36. In any conic section if r and r be focal distances at 
right angles to each other, and I be half the latus rectum, 
then 

1 IV /I IV. 

— 7 J "^ ( ""' ~ 7 ) ^^ constant. 

37. Two conic sections equal in every respect are placed 
with their axes at right angles and with a common focus S; 
8P, 8Q, being radii vectores of the one and the other at right 
angles to each other, find the locus of the intersection of the 
tangents at P and Q. 

Also find the locus when 8FQ is a straight line. 

38. S and H are. the foci of an ellipse, and round 8, H, as 
focus and centre, another ellipse is described, having its minor 
axis equal to the latus rectum of the former. Through any 
point P in the first draw 8PQ to meet the second ; it is re- 
quired to find the locus of the intersection of HP and the 
ordinate QM. 

39. A and B are the centres of two equal circles ; AP, 
BQ, radii of these circles at right angles. If AB''=:2AP'', 
the line PQ always passes through one of the points of inter- 
section of the circles. 
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40. Tangents are drawn to a conic section at the points P, 
E ; another tangent is drawn at an intermediate point Q, and 
meets the other tangents in M, N; shew that the angle MSN 
is half the angle FSE, S being a focus. 

41. In a parabola the angle between any two tangents is 
half the angle subtended at the focus by the chord of contact. 

42. A triangle is formed by the intersections of three 
tangents to a parabola; shew that the circle which circum- 
scribes this triangle passes through the focus. 

43. Given a focus and two tangents to a conic section, 
shew that the chord of contact passes through a fixed point. 

44. A circle is described upon the minor axis of an ellipse 
as diameter ; find the locus of the pole with respect to the 
ellipse of a tangent to the circle. 

45. In a parabola two focal chords PSp, QSq, are drawn ; 
shew that a focal chord parallel to PQ will meet^g- produced 
on the tangent at the vertex. 

46. If from the vertex of a parabola a pair of chords be 
drawn at right angles to each other, and on them a rectangle 
be completed, prove that the locus of the further angle is an- 
other parabola. 

47. From a point P in the circumference of an ellipse 
chords PQ, PR are drawn at right angles ; express the co- 
ordinates of the point of intersection of QR with the normal 
at P in tei-ms of the co-ordinates of P. Shew that as P moves 
along the ellipse this point of intersection will describe the 
ellipse 

48. Shew that the locus of the centi-e of an equilateral 
hyperbola described about a given equilateral triangle is the 
circle inscribed in the triangle. 
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49. Two equal parabolas have the same axis and vertex 
but are turned in opposite directions ; chorda of one parabola 
are tangents to the other ; shew that the locus of the middle 
points of the chords is a parabola whose latus rectum is one- 
third of that of the given parabola. 

50. The co-ordinates of the focus of the parabola whose 
equation when referred to two tangents inclined at an angle 

a^ + V+ "iab cos to' d' + l)'-\- 2ab cos to ' 

51. If ax' + Ihdcy + cy" + 2a'a; + Icy + J = be the equa- 
tion to a parabola, the axis of the parabola will be given by 
the equation 

52. Two equal parabolas have the same focus and their 
axes are at right angles to each other, and a normal to one of 
them is perpendicular to a normal to the other; prove that 
the locus of the intersection of such normals is a parabola. 

53. Find the locus of the intersection of two normals in an 
ellipse which are at right angles. 
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CHAPTER XV. 

ABRIDGED NOTATION. 

301. Through five points, no three of which are in one 
straight line, one conic section and only one can he drawn. 

Let tlie axis of x pass through two of the five points, and 
the axis of y through two of the remaining three points. Let 
the distances of the first two points from the origin be li^, \, 
respectively, and those of the second two points \, \, re- 
spectively ; also let h, h, be the co-ordinates of the remaining 
point. Suppose, (Art. 269), 

aa?+lxy + cy^ + dx-'rey-\-\ = (i (I), 

to be the equation to a conic section passing through the five 
points. Since the curve passes through the points (A,, 0), 
(Aj, 0), we have from (1) 

ah^+d\ + '\.==0 (2), 

ah^-\-dh^+l=0 (3). 

Similarly, since the curve passes through (0, /!;,), (0, h^, 
we have 

cV + e^.+ l = (4), ' 

ck^ + ek^+l = (5). 

Lastly, since the curve passes through [h, h), we have 

ah^ + hhk-k- c3(? + dh + ek + 1=0 (6). 

From (2) and (3) we find 

1 <;^_Vtj^ 

^~hfi,' V, 
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From (4) and (5) we find 

1 \ + K 



then from (6) we can determine the value of i. Since no 
three of the five given points are in the same straight line, 
none of the quantities \, \,h^^k^, h,k, can be zero; hence 
the values of the coefficients a, h, c, d, e, are all finite. If 
we substitute these values in (1), we obtain the equation to a 
conic section passing through the five given points. As each 
of the quantities a, b, c, d, e, has only one value, only one 
conic section can be made to pass through the five given 
points. 

302. The investigation of the preceding article may still 
be applied when three of the given points are in one straight 
line ; the point {h, k) for instance may be supposed to lie on 
the line joining (0, k^ and (^,, 0) ; the conic section in this 
case cannot be an ellipse, parabola, or hyperbola, since these 
curves cannot be cut by a straight line in more than two 
points ; the conic section must therefore reduce to two straight 
lines, namely the line joining the three points already spe- 
cified, and the line joining the other two points. If, however, 

four of the given points are in one straight line, the method 
of the preceding article is inapplicable; it is obvious that 
more than one pair of straight lines can then be made to pass 
through the five points. 

303. We shall now give some useful forms of the equa- 
tions to conic sections passing through the angular points of a 
triangle or touching its sides. 

Let M = 0, v = 0, w = 0, be the equations to three straight 
lines which meet and form a triangle ; the equation 

Ivw + mwu +nuv = (1), 

where I, m, n, are constants, will represent a conic section 
described round the triangle ; also by giving suitable values 
to I, m, n, the above equation may be made to represent any 
conic section described round the triangle. This we proceed 
to prove. 
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I. The equation (1) is of the second degree in the variahles 
X and y, which enter into the expressions w, «, vs ; hence (1) 
must represent a conic section. 

II. The equation (1) is satisfied by the values of x and 
y, which make simultaneously « = 0, w = ; the conic section 
therefore passes through the intersection of the lines repre- 
sented by w = and w = 0. Similarly the conic section passes 
through the intersection of w = and w = 0, and also through 
the intersection of m = and « = 0. Hence the conic section 
represented by (1) is described round the triangle formed 
by the intersection of the lines represented by m = 0, v = 0, 
w = 0. 

III. By giving suitable values to I, m, n, the equation 
(1) will represent any conic section described round the tri- 
angle. For let 8 denote a given conic section described round 
the triangle; take two points on 8; suppose \, \, the co-ordi- 
nates of one of these points, and h^, \, those of the other. If 
we first substitute \ and \ for x and y respectively in (1), and 
then substitute h^ and h„, we have two equations from which we 

can find the values of -j and y ; suppose -j =p and -i = ([- 

Substitute these values in (1), which becomes 

mo+pwu + 2'MU = (2); 

this is therefore the equation to a conic section which has 
five points in common with 8, namely, the three angular 
points of the triangle and the points (Aj, k^, {\, h^. The 
conic section (2) must therefore coincide with /S by Art. 301. 
Hence the assertion is proved. 

We might replace one of the constants in (l) by unity, 
but we retain the more symmetrical form; (1) may be 
wiitten 

I m n ^ 

- + - + - = 0. 
U V w 

304. Equation (1) of the preceding article may be written 
w {Jv + mu) +nuv = (1); 



T. c. S. 
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we will now determine where (1) meets the straight line 
represented by 

lv + mu = (2). 

By combining (2) with (1) we deduce nuv — 0; therefore 
either m = 0, or v = Q; but by taking either of these suppo- 
sitions and making use of (2), we see that the other suppo- 
sition must also hold ; hence the line (2) meets the curve (1) 
in only one point, namely, the point of intersection of m = 
and V = 0. 

Hence (2) is the tangent to (1) at this point. Similarly 
mw -f wv = is the tangent to (1) at the point of intersection of 
w = and w = 0, and mm + Zw = is the tangent at the point 
of intersection of w = and w = Q. 

305. The demonstration of the preceding article is imper- 
fect, because we know from Arts. 132, 222, that a line parallel 
to the axis of a parabola or to either asymptote of an hyper- 
bola meets the curve in only one point, but is not the tangent 
at that point. The proposition may however be established 
in the following manner. Take the axis of x coincident with 
the line m = 0, so that u becomes qy, where q is some con- 
stant ; also take the axis of y coincident with the line v = 0, 
so that V becomes px, where p is some constant. Suppose 
w = Ax +By+C. Then (1) of the preceding article be- 
comes 

{Ax + By+G) {Ipx + mqy) + npqxy = 0. 

By Art. 283 the equation to the tangent at the origin, that 
is, at the intersection of a; = and y = (>, is Ipx + mqy = 0, or 
Iv + mu = ; which was to be proved. 

306. Let each of the three tangents in Art. 304 be pro- 
duced to meet the opposite side of the triangle formed by the 
lines M = 0, v = 0, w = 0; then it may be shewn that the 
three points of intersection lie on the straight line 

^ + ^ + ^ = 0. 
I m n 

The lines joining the angular points of the triangle formed 
by the tangents with the angular points of the original 
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triangle respectively opposite to them, are represented by the 
equations 

m ' m n n I 

these three lines meet in a point. Thus when a triangle is 
inscribed in a conic section the lines joining each point with 
the pole of the opposite side meet in a point. 

307. Let M = 0, « = 0, w = 0, be the equations to three 
straight lines, then the equation 

Au^ + Bv"^ + Cw' + 2Avw + 2B'^m + 2 G'uv = 

will generally represent any assigned conic section, if the 
constants A, B, C, A', B, C, are properly determined. 

For suppose we divide the equation by one of the constants 
as 0", there are then five independent constants left. Now 
let S denote any assigned conic section ; take five points in 8 
and substitute the co-ordinates of the five points successively 
in the above equation ; we shall thus have five equations for 
determining the five constants. Suppose a, b, c, a, b', these 
values, then the equation 

au^ + bv^ + cw^ + 2a' vw + 2b' wu + 2uv = 

represents a conic section which has five points in common 
with S, and which therefore coincides with S. (Art. 301.) 

308. The method of the preceding article, although import- 
ant and instructive, is not satisfactory, because we have not 
proved that the five equations irom which the constants are to 
be determined are consistent and mdepetident. There may be 
exceptions to the theorem, and we therefore use the word 
generally in the enunciation. If the three straight lines meet 
in a point, then the curve denoted by the equation always 
passes through that point, and the equation in this case will 
not represent any assigned conic section. If the three straight 
lines are parallel, u, v, w, take the forms 

hs + my + G, Ix + my + c, lx + my + c", 

and the equation takes the form 

n [Ix + myY + X Qx + my) +7 = 0, 

18—2 
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which represents two parallel straight lines, and thus will not 
represent any assigned conic section. With these exceptions, 
however, the theorem is universally true, as we shall now 
shew by another demonstration. 

Since the lines are not all parallel two of them at least will 
meet ; suppose m = and « = to be these two, and take their 
directions for the axes of y and x respectively ; then m = 
becomes a; = 0, and v = becomes y = ; also w = may be 
written Ix + my + w = 0. We have then to shew that the 
equation 

Ax^ + %' + C (fo + my + ny + 2A'y {Ix + my + n) 

+ 2B'x{lx + my + n) + 2C'xy=0 (1) 

will represent any assigned conic section by properly deter- 
mining the constants A, B, &c. Suppose 

aoi? + ibxy + cf -\-2dx ■\-'2ey +f=0 (2) 

to be the equation to the assigned conic section. Arrange the 
terms in (1) and equate the coefficients of the corresponding 
terms in (1) and (2) ; thus 

Gn^ =/ An + G7nn = e, B'n + Cln = d, 

B+Cm^ + 2A'm = c, A + CP+2B'l = a, 

Clm + A'l+B'm + C' = h. 

These equations determine successively C, A', B', B, A, C. 
As the given lines do not meet in a point n is not zero ; hence 
the values found for C, A', &c. are all finite and determinate. 
Thus (1) coincides with (2), and the required theorem is 
proved, 

309. 2b express the equation to a conic section which touches 
the sides of a triangle. 

Let M = 0, u = 0, w = 0, be the equations to the sides of a 
triangle ; then any conic section may be represented by the 
equation 

Au' + Bv' + Cw'' + 2A'vw + 2B'wu + 2 C'uv = (1) . 
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To find where this conic section meets the line m = 0, we must 
put M = 0; thus (1) becomes 

Bv' + Gw' + 2Amo = (2). 

Now from (2) we obtain by solution two values of — , say 

V V . ^ 

— = fi^, and— = yLtjj. The equation v = fi^w represents some 

straight line passing through the intersection of ■« = 0, and 
w = 0. Hence since (1) is satisfied by those values of x and 
y which make simultaneously m = and v — fi^ = 0, the inter- 
section of the lines u = and v — fi^w = is a point on (1). 
Similarly the intersection of m = and v — fi^w = is a point 
on (1). Hence the line m = will meet (1) in two points, and 
therefore will not be a tangent to it, unless the lines 

V — ft^w = 0, and v — /it^w = 0, 

coincide. Hence that u = may totich (1) we must have 
/ij = /ij, and therefore A'^ = BG. 

Similarly that « = may touch (1) we must have B'^ = GA ; 
and that w = may touch (1) we must have C'^ = AB. From 
these three relations we see that A, B, and G must have the 
same sign, because the product of each two is positive. Also 
the sign of A, B, and G may be supposed positive, because 
if each of them were negative we could change the sign of 
every term in (1), and thus make the coefficients of u', v^, 
and w" positive. We may therefore put 

A = l\ B = m\ G=n'; 
thus 

A'=± mn, B'=± nl, C" = + Im. 

Hence (1) becomes 

ZV + mV + n^iif ± 2mnvw ± 2nlwu ± Ihnuv = (3). 

We shall now examine the ambiguity of signs that appears 
in this expression. 

I. Suppose all the upper signs to be taken. The equation 
may then be written 

{lu + mv + nwY = 0. 
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This is the equation to a straight line, or rather to two 
coincident straight lines. 

II. Suppose the lower sign to be taken twice and the 
upper sign once ; we have then three cases 

{Ju +mv — nwf = 0, or {lu — mv + nwf = 0, 

or (— lu + mv + nvjf = 0. 

Each equation represents two coincident straight lines. 

III. Since then the forms in I. and II. represent straight 
lines, we see by excludiag these cases from (3), that if a curve 
of the second degree touch the straight lines 

M = 0, « = 0, w = Q, 

its equation must take one of the forms 

ZV + toV + wV — 2mnvw — 2nlwu — 2lmuv = ... (4), 
ZV + mV + n~v? — 2mnvw + 2nlwu + 2lmuv = . . . (5), 
IV + mV + mW + 2mnvw — Inlwu + 2lmuv = . . . (6) , 
ZV + rr^v^ + mW + 'imnvw + 2nlwu — ilmuv = ... (7). 

These four forms may also be written 

V(M+ 'J{mv) + ^{nw) =0 (8) from (4), 

V(-M+ VW + '^inw) =0 (9) ... (5), 

^|{lu)+^/{-mv)+ >J{nw) =0 (10) ... (6), 

'J{lu)+ A/{mv) +^{-nw)=0 (11) ... (7), 

which may be verified by transposing and squaring, so as to 
put the equations in a rational form. 

310. It is easy to verify the proposition that the curve 
represented by the equation 

V(?m) + fjimv) + fj{nw) = 

cannot cut the lines m = 0, v = 0, w = 0. For suppose the 
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above equation satisfied hj the co-ordinates of a point ; then 
these co-ordinates must make lu, mv, and nw, all positive, or 
all negative. Suppose lu is positive ; then for any point on 
the other side of m = 0, the expression lu becomes negative, 
and thus the co-ordinates of such a point will not satisfy the 
equation unless both mv and nw are also negative. But if the 
curve cuts the line m = there will be points on both sides of 
M = lying on the curve, and it will be possible to change 
the sign of m without changing the sig-ns of v and w. Hence 
the curve cannot cut the line m = 0. Similarly it cannot cut 
the lines v = 0, w = 0. 

The same mode of proof will shew that the curves repre- 
sented by equations (9), (10), and (11), of the preceding article 
cannot cut the lines m = 0, v = 0, w = 0. 

311. The forms in equations (5), (6), and (7) of Art. 309 
may be derived from (4) by changing the sign of one of the 
constants. Thus, for example, (5) may be derived from (4) 
by changing the sign of I. In the following article we shall 
use (4) as the equation to a conic section touching the sides 
of a triangle ; it will be found that we might have used (5), (6), 
or (7). We shall see in a subsequent article, a case in which 
it is necessary to distinguish the forms. See Arts. 314, 315. 

312. Equation (4) of Art. 309, may be written, 

(Ju — mvY + nw {nw — 2m,v — 2lu) =0 (1). 

If we combine this with w = 0, we deduce that 

lu-mv = (2); 

hence we can interpret the last equation ; it represents a line 
passing through the intersection of m = and « = 0, and also 
through the point where the line w = meets the cui-ve (1). 
It may be shewn as in Art. 304, that 

nw — 2mv — 2Zm = (3) 

represents the tangent to (1) at the other point where (2) 
meets it. 
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Similarly we can interpret 

mv —nw = (4), 

lu — 2nw — 2mv = (5), 

nw — lu = (6), 

mv — 2lu — 2nw = (7). 

The intersection of (3) with w = 0, of (5) with m = 0, and 
of (7) with v=0 will lie on the line 

lu + mv + nw = 0. 

The line lu + mv = passes through the intersection of 
M = and -y = 0, and also through the' intersection of (3) 
and w = 0; hence its position is known. 

Similarly mv + mv = 0, and nw + lu = 0, can be inter- 
preted. 

313. To find the equation to the circle descrihed round a 
triangle. 

It will be convenient in this and the two following articles 
to use the form 

X cos a + 1/ sin a —p = 

as the type of the equation to a straight line ; we shall there- 
fore put a, /3, 7, for u, v, w, respectively, (Art. 73). 

Let a = 0, /8 = 0, 7 = 0, be the equations to the sides of 
a triangle; then, by Art. 303, 

ll3y + m'ya. + na/3 = (1), 

will represent any conic section described round the triangle ; 
hence by giving proper values to I, m, n, this equation may 
be made to represent the circle which we know by geometry 
can be described round the triangle. We might proceed 
thus : in (1) write for a, ^, 7, the expressions which they 
represent, then equate the coefficient of xi/ to zero, and the 
■coefficient of x'' to that of 3/^; we shall thus have two equa- 

tions for determining j and y; and with the values thus 
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oTDtained (1) will represent the required circle. We leave 
this as an exercise for the student, and adopt another method. 
The equation to the tangent to (1) at the intersection of 
a = 0, and /S = 0, is, by Art. 304, 

?/S + ma = (2). 

Let A, B, C, denote the angles of the triangle opposite the 
sides a = 0, /3 = 0, 7 = 0, respectively ; by Euclid iii. 32, 
the tangent denoted by (2) must make an angle A with the 
line a = 0, and an angle B with the line /S = 0. Suppose the 
origin of co-ordinates within the triangle, then the equation 
to the line passing through the intersection of a = and 
/8 = 0, and making angles A and B respectively with these 
lines is 

a smB + ^smA = (3). 

Thus (2) must coincide with (3) ; therefore 

I sin A 
m sin 5 * 

Similarly, ;^ = si^'- 

Thus the equation to the circle described round the tri- 
angle is 

^y sin A + yoismB+ a^ sin C= 0. 

314. To find the equation to the circle inscribed in a 
triangle. 

Suppose the origin of co-ordinates within the triangle ; then 
for all points on the circle a, j8, 7, sue negative quantities, 
(see Art. 54). Now the equation to the circle must be of one 
of the forms (8), (9), (10), (11) given in Art. 309 ; the first is 
the only form applicable, namely, 

V(M+V(™/3) + V(«7)=0 (1). 

which is equivalent to 

V(-Za) + V(-'»/8) + V(-«7) =0 (2)- 



282 INSCEIBED CIECLE. 

The other forms are inapplicable, because they would 
introduce impossible expressions. We have then to deter- 
mine the values of I, m, and n. If we put a = in (1), we 

obtain — = — ; thus, — is the ratio of the perpendiculars drawn 
<y m m 

to the sides 13 = 0, 7 = 0, respectively, from the point where 

the circle meets the line a = 0. Let r be the radius of the 

circle ; then we know from geometry that the perpendicular 

from this point on /S = is 

C G 

r cot — sin C or 2r cos^ — ; 



a similar expression 
Hence 


holds for the perpendicular on 7 = 
,G 

cos TT 
n 2 

m „B' 
cos^- 


= 0. 


Similarly, 


2^ 
cos^- 





Hence the required equation is 

-4 , B ,^ G , ^ 

cos 17 V a + cos -^ VP + cos — V7 = 0. 
A A 2 

315. To find the equation to the circle which touches one 
side of a triangle and the other two sides produced. 

Let the circle be required to touch the side opposite to 
the angle A and the other two sides produced. Suppose 
the origin within the triangle ; then for all points comprised 
between the side a = and the other sides produced, a is 
positive and /3 and 7 are negative. Hence by Art. 309, the 
form of the equation to the circle must be 
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Hence, as before, by considering the point where the circle 
meets the line a = 0, we have 



n 
m 



cos 2 


. , G 


^-T-B 

cos 2 
cos'- 


. ,B 
sm - 

cos'- 


cos' 2 


. ,0 
sm- 



and — 

n 



Hence the reqiiired equation is 

A B G 

cos — V(- a) + sin -^^13 + sin - ^7 = 0. 

Similarly the equations to the other two cu'cles may be 
written down. 

316. The results in Arts. 306 and 312 which hold for 
any conic section, will of course hold for a circle inscribed in, 
or described about, a ti-iangle respectively. We have only to 
use the values of I, m, n, found in Arts. 313 — 315. 

317. Let there be any quadrilateral, and let its sides be 
represented by the equations 

t = Q, u = 0, v=0, 10 = 0, 

then the equation tu + how = 0, 

where A is a constant, represents a conic section circumscribing 
the quadrilateral. For the equation represents a conic section 
passing through the four points determined respectively by 

t = and v=0, « = and w = 0, 

M = and w = 0, m = and w = 0. 

Also by giving a suitable value to h, the equation may be 
made to represent any conic section passing through these 
four points. 
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The above equation lias the following geometrical inter- 
pretation. If any quadrilateral figure be inscribed in a conic 
section, the product of the perpendiculars drawii from any 
point of the curve on two opposite sides bears a constant ratio 
to the product of the perpendiculars on the other two sides. 

318. We shall next consider the equation 

uv + Jcvf = 0. 

This represents a conic section which passes through the point 
determined by m = and w = 0, and also through the point 
determined by v = and lo = 0. Also each of the lines m = 
and v = touches the conic section where it meets it ; for if 
we combine m = with the above equation we see that ?« = 
also, that is, the line m = meets the curve in only one point, 
namely, that point in which m = and w = intersect. Simi- 
larly the line v =0 touches the curve. Thus «t = and v = 
represent two tangents to the conic section, and w = repre- 
sents the corresponding chord of contact. 

We may also shew in the following way that the line m = 
cannot cut the curve ; for points on one side of the line m = 0, 
the expression u is positive, and for points on the other side 
of the line, negative ; but kw^ is of invariable sign ; thus m= 
cannot cut the curve. 

The geometrical interpretation of the above equation is as 
follows. The product of the perpendiculars from any point of 
a conic section on a pair of tangents bears a constant ratio to 
the square of the perpendicular from the same point on the 
chord of contact. 

319. Next take the equation 

Z V + «iV = M V. 
This may be written 

{nw + mm) {mu — mv) = ZV. 
Hence by the preceding article 

nw + mv = and nw — mv = 0, 
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are tangents to the conic section represented by the equation, 
and M = is the equation to the corresponding chord of con- 
tact. Since these two tangents meet in the point of intersec- 
tion of « = and w = 0, it follows that this point is the pole 
of M = 0. 

Similarly we may write the equation in the form 

[nw + lu) [nw — lu) = mV, 

and infer that the point of intersection of m = and w = is 
the pole of V = 0. 

Hence it follows that the point of intersection of m = and 
v = is the pole of w = 0. See Art. 291. 

320. The following is a particular case of the preceding 
article, 

o? + ^^ = n'rf. (See Art. 73.) 

Suppose the lines a = 0, yS = 0, at right angles ; then a" + /3^ 
is the square of the distance of the point {x, y) from the inter- 
section of a = 0, and /3 = 0. Hence the above equation repre- 
sents a conic section which has 7 = for its directrix, and the 
intersection of a = and /3 = for its focus. The lines 

m7 — a = and ^7 + a = 0, 

are tangents to the conic section touching it at the extremities 
of the focal chord /3 = ; also these tangents meet in the line 
7 = 0; hence, the, tangents at the extremities of any focal chord 
meet in the corresponding directrix. Also the above tangents 
meet on the line a = 0, which by supposition is perpendicular 
to y8=0 ; hence, the line which joins the focus to the intersection 
of tangents at the extremities of a focal chord is perpendicular 
to that focal chord. 

321. If M = and v = be the equations to two conic 
sections which meet in four points, then u-\-'kv = <d will repre- 
sent any conic section which passes through the four points of 
intersection. This will be obvious after the proofs given of 
similar propositions. 
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Also if w = and w = 0, be the equations to two straight 
lines, u + hww = will represent any conic section passing 
through the four points in which the lines w = and «;' = 
meet the conic section m = 0. 

Also M + lev? = will represent a conic section passing 
through the points of intersection of the conic section m = 0, 
and the line w = 0. This conic section will have the same 
tangent as m = at the points where m = and w = inter- 
sect ; we might anticipate this would he the case from ob- 
serving the interpretation of the equation u + hww = 0, and 
supposing the line w =0 to approach the line w = 0, and 
ultimately to coincide with it. We may prove it strictly 
by taking one of the points where m = meets w = for the 
origin, and the line w = for the axis of x ; thus u becomes 
of the form 

Ax'+JBxi/+ Cy^+Dx + Ey, 

and we can see, by Art. 283, that 

Ax' + Bxy+ Cf + Dx + Ey = 0, 

and Ax^ + Bxy + Cf -{■Dx + Ey+ Ity" = 0, 

have the same tangent at the origin. 

322. Let s = be the equation to a conic section, and 

equations to three straight lines ; then 

,s-f^=(S, s-otV = 0, s-mW = 0, 

represent curves of the second degree touching the proposed 
conic section. By properly choosing m, v, w, I, m, n, we may 
make each of the last three equations represent a pair of 
straight lines touching s = 0. (See Art. 293.) Thus, if 
there be a hexagon circumscribed round the conic section 
s = 0, the equations 

s-rM' = 0...(l), s-mV = 0...{2), s~nV = 0...{3), 

may be taken to represent the six sides of the hexagon. 
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By combining (1) and (2) we obtain 

s — fw"— (s— mV)=0, or {'mv — lu){mv + lu)=0...{i), 

for the equation to a pair of lines which pass through the 
intersections of (1) and (2). 

Similarly, {nw—mv) {nw + mv) =0 (5), 

represents a pair of lines which pass through the intersections 
of (2) and (3). And 

[lu — nw) {lu + nw) =0 (6), 

represents a pair of lines which pass through the intersections 
of (3) and (I). 

The six lines which we have obtained may be arranged in 
four groups, each containing three lines which meet in a 
point, namely, 

mv — lu = 0, nw — mv =0, lu — nw = 0, 

mv + Zm = 0, nw + mv =0, lu — nw = 0, 

mv + lu = 0, nw — mv = 0, lu + nw = 0, 

mv — lu = 0, nw + mv = 0, lu + nw = 0. 

This gives a proof of Brianchon's theorem, if a hexoffon he 
described about a conic section the three diagonals which join 
opposite angles meet in a point. 

323. Pascal's Theorem. 27*6 three intersections of the 
opposite sides of any hexagon inscribed in a conic section are in 
one straight line. 

Let r = 0, s = 0, « = 0, m=0, « = 0, w = 0, 

be the equations to the sides of a hexagon which is inscribed 
in the conic section S=0. Let the hexagon be divided by a 
new line <^ = into two quadrilaterals, one of which has for 
its sides the lines obtained by equating to zero successively, 
r, s, t, <p, and the other the lines obtained by equating to zero 
successively, u, v, w, (j). Now we know that if a, b, I, m,'are 
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appropriate constants, the equation to the conic section may 
te written in the forms 

as(f> + hrt = and lv<f> + muw = ; 

therefore as<f) + hrt and fo^ + muw must each be identical 
with S; therefore 

as^ + hrt = Iv^ + muw ; 

.*. [as —lv)(f>= muw — hrt. 

This equation shews that as — h = and <^ = 0, are the 
diagonals of the quadrilateral whose sides are found by equat- 
ing successively to zero, u, r, w, t. By construction, ^ = 
represents the line joining the point determined by r = and 
M = 0, with the point determined by i = and «< = ; and 
thus we see that as — fo = is the line joining the intersection 
of M = and r = with that of < = and w = Q. But the line 
as — lv=0 obviously passes through the intersection of s = 
and v=0; therefore the three points determined respectively by 

M = and r = 0, t = and w = 0, s = and v = 0, 

lie on a straight line. 

For further information on the subject of this chapter the 
student is referred to Salmon's Conic Sections. 



EXAMPLES. 

1. Shew that ii a — c : a —c' :: h : h', a circle may be 
described through the intersections of the two conic sections 

oaf + hxy ■{- cif -\- dx + ey + f =Q, 

«'»'+ h'xy + cy''+ d'x+e'y +/' = 0. 

Find also the condition that a parabola may be described 
passing through the origin and the points of intersection of 
these curves. 
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2. Two conic sections have their principal axes at right 
angles ; shew that a circle will pass through their points of 
intersection. 

3. The equations to two conic sections are 

Ay" + V^Bxy + Gog' + 2 Ax = 0, 

af + ^hxy + ex'- + 2a'a5 = 0. 

Shew that the lines joining the origin with their points of 
intersection will be perpendicular to each other if 

a'(^+a) =^'(a + c). 

4. An ellipse is described so as to touch the asymptotes 
of an hyperbola ; shew that two of the chords joining the 
points of intersection of the ellipse and hyperbola are parallel. 

5. If 0.^ = 0^ be the equation to an hyperbola, (Art. 73), 
then a)8 =0, a' - ^ = 0, a? - n'0' = 0, are the respective equa- 
tions to the asymptotes, the axes, and a pair of conjugate 
diameters, n being any constant. 

6. The straight lines which bisect the angles of a triangle, 
meet the opposite sides in the points F, Q, R, respectively ; 
find the equation to an ellipse described so as to touch the 
sides of the triangle in these points. 

7. From any point two straight lines are drawn, one in- 
clined at an angle a, the other at an angle — + a, to the axis 

of a parabola ; shew that another parabola may be described 
which shall pass through the four points of intersection, 
whose axis is inclined at an angle 2a to that of the given 
parabola. 

8. Prove that the equation to the conic section which 
passes through the point [h, Ic), and touches the parabola 
^ = Ix at the vertex and at an extremity of the latus rec- 
tum, is 

[f -lx){fc- 2hy ={y- 2xy {¥ - Ih). 

Shew that it is an ellipse or hyperbola according as the 
point (A, h) is within or without the parabola. 

T. c. 3. 19 
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9. A conic section touches the sides of a triangle ABC in 
the points a, b, c; and the straight lines Aa, Bh, Cc, intersect 
the conic in a, b', c ; shew that 

(1) the lines Aa, Bb, Cc, pass respectively through the 
intersections of Be and Gb', Co! and Ac, Ab' and Ba, 

(2) the intersections of the lines ab and a'b', be and b'c, 
ac and a!c', lie respectively in AB, BC, CA. 

10. A conic section is described round a triangle ABC ; 
lines bisecting the angles of this triangle meet the conic in 
the points A', B', C, respectively; express the equations to 
A'B, A'C, A'B'. 

11. If a conic section be described about any triangle, and 
the points where the lines bisecting the angles of the triangle 
meet the conic be joined, the intersection of the sides of the 
triangle so formed with the corresponding sides of the original 
triangle lie in a straight line. 

12. Interpret the equation 

M-')(M-0+'^=»^ 

how many parabolas can be drawn through four given 
points ? 

13. If M=0, w =0, w = 0, represent the sides of a tri- 
angle, shew that the sides of any triangle which has one 
angle on each side of the former may be represented by 

M+WW + — =0, -+v+lw=(i, mu+ r + w = 0, 
m n I 

where I, m, n, are constants. 

Find also the relation which must hold between I, m, n, in 
order that the lines joining corresponding angles of the two 
triangles may meet in a point. 

14. A circle and a rectangular hyperbola intersect in four 
points, and one of their common chords is a diameter of the 
hyperbola ; shew that another of them is a diameter of the 
circle. 
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, 15. A GA' is the major axis of an elUpse, P any point in 
the circle described on the major ?ixis, AP, A'P, meet the 
ellipse in Q, Q ; shew that the equation to QQ' is 

(a" + h'')ysm6+ iWx cos 6 -. 2qb^ = 0, 

the ellipse being refei-red to its axes, and 6 bein? the angle 
AGP. 

If an ordinate to P meet QQ in R, the locus of R is an 
ellipse. 

16. The locus of a poiat such that the sum of the squares 
of the pei-pendicul?irs drawn from it to the sides of a given 
triangle shall be constant, is an ellipse ; and if the constant 
be so chosen that the ellipse may touch the side opposite to 
the ftngle A in D, then 

CD : PD :: V : c\ 

17. With the notation of Art. 313, shew that the equation 
to the line through G, and the centre of the circle is 

a cos 5 =;S cos -4. 

18. Suppose in Art. 313 that D is the middle point of the 
arc AB; then the equations to BD and AB are respectively 

« sin C+ 7 (sin J. + sin 5) = ; 

/3sin (7 + 7 (sin -4 + sin jP) = 0, 

19. In Art. 309, equation (4), if ^', B', G', be the points 
of contact of the triangle and conic section, shew that the 
equation to A'B' is 

lu + mv — nw = 0. 

20. In the figure of Art. 292, suppose m = the equation 
to -4<7, V = the equation to BD, and w== the equation to 
EF, and that 

ZV + mVr-MV = 

represents a conic section going through A, B, G, B; then 
express the equations to the tangents at A, B, G, B, and also 
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to the lines AB, BG, CD, DA. Shew also that the line FG 
passes through the intersection of the tangents at A and B, 
and of those at G and D. 

21. Find the condition that the line 

\m + /iv + vw = 
may touch the conic section 

V ihi) + a/ {mv) + \/{nw) — 0. 

22. Give a geometrical interpretation of equation (1) in 
Art. 304, and shew that it is a particular case of the theorem 
in Art. 317. 

23. Interpret the last equation in Art. 313 ; deduce the 
following theorem ; if from any point of the circle which 
circumscribes a triangle, perpendiculars are drawn on the 
sides of the triangle, the feet of the perpendiculars lie in one 
straight line. 

24. If ellipses be inscribed in a triangle each with one 
focus in a fixed straight line, the locus of the other focus is 
a conic section passing through the angular points of the 
triangle. 

25. Three conic sections are drawn touching respectively 
each pair of the sides of a triangle at the angular points where 
they meet the third side, and each passing through the centre 
of the inscribed circle ; shew that the three tangents at their 
common point meet the sides of the triangle which intersect 
their respective conies in three points lying in a straight line. 
Shew also that the common tangents to each pair of conies 
intersect the sides of the triangle which touch the several 
pairs of conies in the above three points. 

26. With the angular points of a triangle ABG as centres, 
and the sides as asymptotes, three hyperbolas are described, 
having A, B', G' as their vertices respectively : prove that if 

AA sin ~ = BB' sin f = GG' sin ~ , 

^ Jl A 
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the intersections of each pair of hyperbolas lie on the axis of 
the third. 

27. The equation M + m^ + wf = will represent a rect- 
angular hyperbola iil + m, + n = 0. 

28. Shew_ that V(^a) + \/(™/S) + V(wy) = 0, represents in 
general an ellipse, parabola, or hyperbola according as 

I m n 

-+T- + - 

a c 

is negative, zero, or positive ; where a, Jy c denote the lengths 
of the sides of the triangle formed by a = 0, /3 = 0, 7 = 0. 

29. Shew that l^y + mya + na.^ = 0, represents in general 
an ellipse, parabola, or hyperbola according as 

fc? + mV + mV — 2lmai — Imrihc — InLca 

is negative, zero, or positive. 

30. Find the equations to the tangents to the curve 

V'(Za) + V(»»j8) + VM = 0, 

which are parallel to the line 7 = 0; and thence shew that the 
centre of the curve is determined by 

« ^ /3 ^ 7 
■mc + nb «a + fc \h-\-nM' 

31. From a point P two tangents are drawn to a conic 
section meeting it in the points M and N respectively ; the 
line through P which bisects the angle MPN meets the 
chord MN in Q ; any chord of the conic section is drawn 
through Q ; shew that the segments into which the chord is 
divided by the point Q subtend equal angles at P. 
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CHAPTER XVI. 

SECTIONS OF A CONE. ANHAEMONIC EATIO AND HAEMONIC 

PENCIL. 

Sections of a Cone. 

324. We shall now shew that the curves which are 
included under the name come sections^ can he obtained by 
the intersection of a fight cone and a plane. 

Def. a cone is a solid figure described by the revolution 
of a right-angled triangle about one of the sides containing 
the right angle, which remains fixed. The fixed side is 
called the axis of the cone. 




Let OH be the fixed side, and OHO the right-angled 
triangle which revolves round Off. A section of the cone 
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made by a plane through 05" and OG will meet the cone in a 
line OJS, which is the position OG would occupy after re- 
volving half way round. Let a section of the cone be made 
by a plane perpendicular to the plane BOG; let AP be the 
section, A being the point where the cutting plane meets 
OG; we have to find the nature of this curve A P. Let a 

5 lane pass through any point P of the curve, and be perpen- 
icular to the axis 0I£; this plane will obviously meet the 
cone in a circle DPE, having its diameter DE in the plane 
BOG. Let ilfPbe the line in which the plane of this circle 
meets the plane section we are considering, J/ being in the 
line JDE. Since each of the planes which intersect in MP is 
perpendicular to the plane BOG, MP is perpendicular to that 
plane, and therefore to every line in that plane. 

Draw AF parallel to HB, and ML parallel to OB; join 
AM. Let AM=x, MP=y, OA = c, HOG = a, OAM^O; 
the angle AML will be equal to the inclination of^if to OB, 
that is to TT — ^ — 2a. 

MB _ smMAB _sme 

^°^' MA~ahiMBA~cosa' 

,^„ X sin 6 

.: MB = • . 

cos a 

UM= FL = FA-AL = 2c sin ol-AL; 

AL _ sin AML _ sin {ir — O — 2a) _ 

AM~ sm ALM~ 

sm 



AL = 



X sin (9 + 2a) 
cos a 

X sin {d + 2a) 



.'. ^Jf=2csina — 

cos a 

But, from a property of the circle, MP* = EM. MB ; 



, 0! sin ^ 

cos a 



y - 



' . a; sin (5 + 2a)) 

2c sm a - ^ 



cos a 
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If we compare this equation with that in Art. 282, we see 
that the section is an ellipse, hyperhola, or parabola, accord- 
ing as 

sin sin (0 + 2a) . ,. ... 

^ -' is negative, positive, or zero, 

cos. a 

that is, according as + 2a is less than ir, greater than ir, or 
equal to tt. 

Hence if AM is parallel to OB the section is a parabola, 
if ^If produced through Jlf meets OB the section is an ellipse, 
if ^Jif produced through A meets OB produced through the 
section is an hyperbola. 

If c = the section is a point if ^ + 2a is less than tt, two 
straight lines if ^ + 2a is greater than tt, and one straight line 
if + 2a = TT. 

The equation above obtained may be written 

, _ sin 6 sin {6 + 2a) j2c sin a cos a , 

^ ~ cos" a I sin (0 + 2a) 

suppose + 2a to be less than tt, so that the curve is an 
ellipse ; then by comparing this equation with 

we have 

2c sin a cos a V _ sin 6 sin {0 + 2a) 



2a = 



Thus 2a = 



sin (0 + 2a) ' a' cos'' a 

c sin 2a ,, c" sin'' a sin ^ 



sin (^+ 2a)' sin (0 + 2a) ' 



If we suppose in the figure of Art. 324 that AM is pro- 
duced to meet the cone again in A', then 2a = AA', as might 
have been anticipated ; also b may be shewn to be a mean 
proportional between the perpendiculars from A and A' on 
the axis OH. Similar results may be obtained when the 
curve is an hyperbola. 
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Anharmonic Batio and Harmonic Pencil. 

325. We will now give a short account of anharmonic 
ratios and harmonic pencils, which are often used in investi- 
gating and enunciating properties of the conic sections. 

Let there he four straight lines meeting in a point ; then if 
any straight line ABGB be drawn across the system, 



AB DB 
AG ■ DG 



will he a constant ratio. 




Suppose the point where the lines meet ; then 



Similarly, 



AB 
AO 


sin AOB 
'sin ABO' 




AG 
AO' 


sin AOG 
'sin AGO' 




AB 

AG' 


&in AOB 
sinAOG' 


sin AGO 
sin ABO' 


DB 
DG 


sin DOB 
'sinDOG' 


sin D GO 
sin DBO ' 


DB 


sin AOB 


sin DOB 



AB 

AG ■ DG~ sinAOG ' sinDOG' 
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Now suppose any other straight line A!D' G'B' drawn across 
the system, then Since A OB and A' OB' are the same angle, 
and so on for the other angles, we have 

AB DB A'B' D'B' 



AG ■ DC" A'C ■ I>'(7" 

which proves the proposition. 

Similarly we can prove that each of the following is a con- 
stant ratio 

AB_CB AG BO 
AD • GB AD '■ BD' 

326. Defs. Any four lines meeting in a point form a 
pencil. 

A straight line drawn across a pencil is called a ^ans- 
versal. 

A f ,, , ^ ,■ ^B DB AB GB 

Any one oi the constant ratios -t-f, -h ^ttv , —tf. -^ -ttf^ > 
AG BG . ^^ -^^ -^-^ ^^ 

~Tj)'^ -fTfj is called an anharmonic ratio of the pencil. 

The pencil is called harmonic \i AB . D G = AD . BG, that 
is, if the rectangle formed by the whole line (^5) and the 
middle part {DG) is equal to the rectangle of the other two 
parts {AD), {BG). 

327. The harmonic pencil is so called because it divides 
any transversal harmonically. For since AB.DG= AD. BG, 

AB BG 
AD~DG' 

that is, if we call AB, A G, AD, the first, second, and third 
quantities respectively, the first is to 'the third as the differ- 
ence of the first and second is to the difference of the second 
and third. 

When the pencil is harmonic one of the three constant 
ratios of the pencil is equal to unity. 
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We shall soffietimes select one of the anharmonic ratios of 
A pencil, and confine oui' attention to it, and shall then speak 
of the selected ratio as the anharmonic ratio of the pencil. 

328. Suppose OA, OB, 00, OJD form an harmonic pencil ; 
if we take any new origin 0', and join O'A, O'B, 0' v, O'D, 
these four lines form a new harmonic pencil ; for the trans- 
Teraal ABGD is cut harmonically. 

329. The anharmonic ratio of a pencil is not altered if the 
transversal meet the lines of the pencils produced, instead of 
the lines themselves. 




Suppose OA, OB, DC, OD, to be a pencil, and let a 
transversal A!B'C'i)' meet three lines of the pencil, and the 
fourth AO produced in A'. The angles A' OB', A OB are 
supplemental; and so aa-e A OB, A'OB';aiii so on. Hence 
any anharmonic ratio formed on ABGD is equal to the cor- 
responding ratio fortned on AB CD'. 

330. Suppose AB.OD^AD.SO,Bd that OA, OB, G, 
OD, form an Jiannonic pencil. By the last proposition 

A'F C'B" _AB . GB 
Tn ■ CD' ~ADGD 

.: OA', OB', OG', OD', fbrrtt an haimomc pencil. 
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Similarly 00', OB', OA', and DO produced through 
will form an harmonic pencil. Thus from one harmonic- 
pencil by producing the lines through the vertex, we can 
derive four other harmonic pencils. 

331. The lines whose equations are a = 0, /8=0, a— yfe/3=0, 
a + ^/3 = form an harmonic pencil. 




Let OM he the line a = 0, 

ON /3 = 0, 

OP a-h^ = 0, 

OQ a + Aj8 = 0. 

Let a transversal meet the pencil in mpnq; then (Art. 72), 

sinPQJf _ sin QOM 
sin FON~ sin Q ON' 

sin POM sin QON 
■• sin PON' siaQOM~' 

.-. (as in Art. 325)^.^ = 1;, 
,'. pm . qn =pn . qm. 
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The same result will follow if we draw the transversal in a 
different position. The harmonic pencil is so formed that its 
outside lines are always one of the two a = and |8 = 0, and 
one of the two a — A/8 = and a + Ay3 = 0. 



332. The anharmonic ratio of the four lines a = 0, yS = 0, 

k 
k" 



a-k^'=0, a - A'/3 = 0, is ^ 



For as in the preceding article we have 

sin POM _ , sin QOM _ ,, 
sin PON~' sm QON~' 

h 
therefore, by Art. 326, p expresses the anharmonic ratio. 

333. Article 331 will also hold if the equations to the 
lines be m = 0, « = 0, u — kv = 0, and m + ^ = 0. For, by 
Art. 57, we have u = Xa., « = /i/3, where X and /j. are constant 
quantities ; hence the equations u —kv =0 and u + kv = 
may be written Xa — kfi^ = and Xa + k/j.^ = 0, or a — k'^ = 

and a + k'^ = 0, where k'= ~ . Hence Article 331 becomes 

X 

immediately applicable. 

334. The four lines UB, EG, EG, EF, in Art. 76, form 
an harmonic pencil ; for their equations are 

M = 0, zo = 0, lu — nw = 0, lu + nw = 0. 

By symmetry FB, FA, FQ, FE, will also form an harmo- 
nic pencil. 

Also OD, QG, GF, GE, form an harmonic pencil, for their 
equations are respectively 

ltt-mv = 0, mv-nw = 0, lu-mv- {mv - nw) = 0, 

lu — mv + mv — nw = 0. 

335. A straight line drawn through the intersection of two 
tangents to a conic section is divided hai-monically by the 
curve and the chord of contact. 
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Eefer tte curve to the t£^ngents as axes ; its equation will 
be of the form (Art, 293) 

|+|-l)V;..^=0 (1). 

Suppose a straight line drawn through the origin, and let 
its equation he, (Art. 27) 



f = ^=r (2). 



Thus the distances from the origin of the points of inter- 
section of (1) and (2) will be the values of r found from the 
equation 



or. 



S+f-9'+^^-=« (^)- 



If r' and r" be the roots of the equation, we have 
Also the equation to the chord of contact is 

hi-'-' (^)- 

Hence for the distance {r} of the point of intersection of 
(2) and (5) from the origin, we have the equation 

Zr mr, ^ 1 I m ,„, 

T + T'=^' °^;;=A+i (^)- 

From (4) and (6) we have 

2 11 

thus r is an harmonic mean between r' and r". 
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Since LMNO is divided harmonically, if from any point in 
AB we draw lines to L, N, and 0, these lines with AB form 




an harmonic pencil. A particular case is that in which the 
point in AB is the intersection of the tangents at N and L, 
which we know will meet on AB. (See Arts. 103, 186.) 

336. Let A, B, C, D, be four points on a conic section, 
and P any fifth point. Let a denote the perpendicular from 
P on AB, j8 tlie perpendicular from the same point on BC, 
7 on CD, 8 on 1)A. Then by Art. 317 we know that 
wherever P may be, aj bears a constant ratio to fiS. Now 
AB.it= twice the area of the triangle PAB 
= PA. PB. sin APB; 

PA. PB. sin APB 
•■• """ AB • 

Similar values may be found for ^, y, S. Thus 

PA.PB.PG.PD . .jjr, ■ rivn 

. n .,„ sm APB . ein CPD 

AB. CD 

bears a constant ratio to 

PA.PB.PC.PD . „„„ . np, 
^7, — 3-=: sm BPC . sm DPA ; 

.-. ^^^ J^ ^ ' ^™ T^ n . is constant, that is, the pencil drawn 
sm BPC . sm DPA 

from any point P to the four points A, B, C, D, has a constant 
anharmonic ratio. 
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CHAPTER III. 

1. {l)y + 2x=l. (2)a; = 2. {S)y = x. {i)x = 0. 

2. 2/-4 = -3(x-4), 2/ - 4 ="|(a; - 4). 

3. y-l={J3-2)x, 2/-l=-(V3 + 2)a;. 

4. y = x, y = -x. 5. y = -j^x, x = 0. 

6. 90°, x = -^, 2/ = |. 7. 60°. 8. 45°. 

9. y = ^{x-a). 10. y = x. 11. 2^2. 

13. -77-5 — 7K- 13. x = y = ' j;. 14. T-r5=--r- 

^(a + 6 ) ^ a + or V a b 

15. (1) The origin. (2) Two straight lines, y = a;, and y = - a;. 
(3) Two straight lines a; = 0, and x + y = Q. (4) The axes. (5) Im- 
possible. (6) Two straight lines a; = and 2/ = a. 16. (1) Two 
straight lines x = a, and y = 6. (2) The point (a, h). (3) The 
point (0, a). 17. The lines2/ = a;, and 1/= 3a;. 19. 42/ = 5a;, 
and 3?/ + 2a; — 20 = 0. 20. Let a be the length of the side of 

the hexagon; the equations are to AB, y = 0; AC, y J3 = a^j 
AD, y = x J2,; AE,x = Q; AF,y+ x J?> = Q ; BC, y = J3 {x- a) ; 
BD,x^a; BE, y + JZ {x - a) =Q ; BF, y J3 + x - a = Q ; CD, 
y + xj3 = 2aJ3; CE, y J3 + x = 3a; CF, 2y = a J3 ; DE, 
y = J-ia;DF,yJ3-x='ia;EF,y-xJ3 = aJ3. 21. If 

{^i! 2/1)) {^2' 2/2)' (*3' 2/3) ^^ ^li^® angular points, the co-ordinates of 
the point midway between the first and second are —^ — - ' " ; 

similarly the co-ordinates of the point midway between the second 
and third points are known j and then the required equation can 
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be found by Art. 35. 22. ~^- tan u,. 2L -+%= 1, 

7/1—1 ah 

-= f, tangent of the angle between them • — 5 — jj— . 29. The 
points whose abscissae ai-e a + t rj{'^' + ^°) ^^^ ^ ~ 1, sfi"^' + ^'')- 

31. n/(-^°-^^0 . 35. 90». 36. i?'(e) = Ogives a system 

-4 + 

of lines through the origin; sin 3d = gives the three lines y = 0, 
y = x iJ3, y = — a; ;^3. 40. The second pair of lines bisect the 
angles included by the first pair. 44. Let ABC be the triangle ; 
take A for the origin and lines through A parallel to the two 
given lines as axes ; let x^, y,, be the co-ordinates of -B, and x^, y^, 
those of C. Then it may be shewn that the equations to the three 
diagonals mentioned are 

from these equations it may be shewn that the three diagonals 
meet in a point. 45. Take as origin and use polar equations 
to the given fixed straight lines. 46. Let a;, be the abscissa of the 
point of intersection of the two lines ; then the area of the triangle 
is \ (Cj - Cj) x■^ . 47. This may be solved by Art. 11. Or we 
may use the result of the preceding question ; for by drawing a 
figure we shall obtain three triangles to which the preceding 
question applies, and the required area is the difierehce between 
two of these triangles and the third. The result is 

\2{m^-m,) 2(to, -mj 2{mj-mt)j' 
which may also be written thus 

{c, (m^ - ma) + c, (ot, -mj + e^ (m, - ot,)}° 
"^ 2 (jTij - mj) (m, - mj (m^ - m,) 

That sign should be taken which gives a positive result. 



CHAPTER IV. 



X y _x y 

1. -r , — / "^ J.' * 

a a 

T. C. S. 



20 
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7. Since tlie required line is parallel to tlie line considered in 
Example 5, we may assume for its equation 

a cosA-fi COS £ + k = 0, 
where k is some constant to be determined. Now at the middle 
point of AB, we have 

-a = |sin.B, ~^=-^sinA; 

c c 

therefore - - sin .B cos 4 + h sin ^ cos 5 + ^ = ; 
2 ii 

thus k is determined. 

1 3. {mn' — m'n) u + {nV — n'T) v + i^ml — I'm) iw = 0. 

14. ah{u — v) + c{h + a)w = Q. 

15. Assume for the required equation la + m/B + ny = 0; at the 
centre of the inscribed circle a = /3 = y ; thus I + m + n = ; at the 
centre of the circumscribed circle u, /3, y are proportional respec- 
tively to cos A, cos B, cos C; thus I oosA + m cosB + n cos = 0. 
Hence the required result may be obtained. 

18. To CF, 2mv -nw = 0; to DP, 2lu - 2mv +nw=0; 
to AQ, lu — 2mv + 2nw = ; to BQ, lu — 2mv = 0. 

23. It may be shewn that if m = 0, ® = 0, w = Q, denote the 
sides of the triangle, the lines AP, BP, GP, may be denoted by 
mv — nw = 0, nw — lu = 0, and lu — mv = respectively ; then 
the equations to the other lines can easily be expressed. 



CHAPTER V. 

4. y'^ sin° a = iax'. 6. By Art. 83, we have 

sin (u> — a) sin (a —6) , sin a , sin B 

m = S^ , n = r — , m' = -. , 'n = —. — — . 



CHAPTER VI. 

1. (1) Co-ordinates of the centre 2 and - 2, radius 3. 
(2) Co-ordinates of the centre - 3 and |, radius |-. 
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3. The first line meets the circle at the points (- 4, 3) and 
(3, - 4) ; the second at the points (0, — 5) and (— 5, 0) ; the third 
touches it at the point (— 4, — 3). 

5. X'-X {x' + x") + ,/-y{y' + y") + x'x" + y'?/" = 0. 

8. For determining the abscissie of the points of intersection 

1 + Ti) + -j- {i — k)x-2ax + 7c''-2bk=0j 

if the line touches the circle we must have (kb — ha)' + 2kh (ka + Kb) 
= h'k\ 9. 2y+3a; = 0. 14. x' +y' -xy -Itx-ky = Q. 

15. Inclination of axes 120°; co-ordinates of the centre each = A; 
radius = A. 16. Inclination of axes 60°; co-ordinates of the 

centre each = ■= ; radius = -rq • 17. x' + •i^ + xy J 2 — 9 = 0. 

1 o a s 1 rv in JQ^^ + k' - 2hk COS us) 

18. x^ + if + xy + x + y-l = 0. 19. -^^^-^ — — ^r-;^ '- . 

23. x'+y'=a(x + ^; r = ^co%(6-'^. 27. A circle. 

28. Use the equation in question 26. 29. Using polar 

co-ordinates, we have 

r + J{r' -f a= - 2ra cos &) = / ir' + a" - 2ra cos (l -&)].■> 

reduce and we get I J3r - 2a cos ( 6 - -^ U = j thus the locus is 

the circle circumscribing the triangle. 

30. sin'' a -I- sin^ /3 + sin* y + ... = cos* a + cos* /3 + cos* y+ ... 
and sin 2a -1- sin 2/3 -f sin 27-1- ... =0. 

33. If the perpendiculars are both on the same side of the line 
the locus is a circle ; if on different sides the locus consists of two 
straight lines. 34. A circle. 36. Solve the quadratic in r ; 
it will be found that r = 2a cos or — a sec 6 ; thus the locus con- 
sists of a straight line and a circle. 

38. Take the extremity of the diameter as the pole ; it will 
follow from Example 37, that the tangent at P is represented by 
the equation 2c cos* a=r cos (2a — 6), and the tangent at Q by the 
equation 2c cos*)8 = r cos (2/3 - 6). These tangents meet at T, so 
at that point we have 

20—2 
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cos (2a -e) _ cos (2/3-0) _ 
cos'' a cos^ /3 ' 

from this we stall find tan d = - — ^= — , 

2 cos fi cos a 

SO that if C be the centre of the circle Gt = -^ 7^ 

2 cos p cos a 

Hence we can shew that Cq — Ct = Ct — Cp. 



CHAPTER VII. 

, , Zab 

4. a; = y, and x + y = =- . 

5. Let y = mx be the equation to one line ; then 

y 
this is a quadratic for finding m, and we roay replace to by — . 

6. A'c' + CV + B'ac + AG¥ - 2ACac -Bb{Ao + Ca) = 0. 



CHAPTER YIII. 

\. y=2x. 2. y'=5ax-x^. 3. The locus consists 

of two parabolas of which the centre of the circle is the common 
focus, and the directrices are the two tangents to the circle which 
are parallel to the fixed diameter. 4. The second curve is 

a parabola having its axis coinciding with the negative part of 
the axis of y ; the curves intersect at the origin and at the point 
X = i^a, y = - ia. 5. y = x + a. 6. tan~'i. 7. y + x=3a. 
8. At the point {9a, - 6a) ; length 8a ^2. 9. y = 2a J2, 

x=3a. 11. The abscissa of the required point is or 3a. 
13. The curve is a parabola having its axis parallel to that of y, 
and its vertex at the point x = ^, y = \. The line is a tangent at 
the point x = \, 2/ = 0. 20. Abscissa of required point is 

4^ ("7 "^ y) ' '''^'^'^^t® ~ (t"^ ^') ' ^^°^^ °^ °^°^^ J' (4a^+2/'^;i 
,22. Locus of ^, cc = - 2a. Locus of Q', x' = ay'. 23. Refer 
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the parabola to PT and the diametei- at P aa axes. See Art. 151. 
25. See Art. 155. 27. Transform equation (1) of Art. 125 

to polar co-ordinates, and ve shall deduce r = 2a "°^ ^ '^ n/C^os ^fl) 

sin" d 
28. Use the result of the preceding example. 

„. „ sin fl ± J(- cos 2fl) 

29. r=2a ^-^ >. 30. Locus a parabola; 

see Art. 147. 32. Jx + Jy = J{a2J2). 33. (y'-a;')" 

-8ax'J-2 = Q. 34. x^ + f - x{a + x')- yy' + ax' = Q. 

37. Use the result of example 5, Chap. vr. 41. The equation 

to one tangent can be written y = m(x + a) + — , (see example 40), 
and that to the other y = {x + a') - a'm. By eliminating m 

we have for the required locus x + a + a' = 0. 42. Take for the 
equation to the chord y = ma: + n; then to find the abscissa of the 
middle point of the chord we must take half the sum of the roots 

of the equation {mx + ny = iax ; so that the abscissa is "~"^'^ . 

Now since the chord touches the parabola y" = 8a (a: - c) the equa- 
tion (rnx + n)' =8a(x — c) must have eqtml roots ; by means of this 

condition it can be shewn that ^ — = c 44. Form the 

■m' 

equation which determines the ordinate of a point in a parabola 
such that the normal shall pass through a given point ; the equa- 
tion will be a cubic. 45. The tangents of the inclinations to 
the axis of x of the three normals that can be drawn through a 

point {x, y) are determined by the equation »i'+ni(2 — ) + - = 0. 

\ aj a ' 

See Art. 135. Suppose m, , m^, m^, the roots of this cubic, then by the 

theory of equations m, + m, + m^ — 0, 771,^3 + m^m^ + m^nij = 2 — , 

a 

Iff 
m,mjm3 = — — ; if two of the normals are at right angles we may 
a 

put7?J2!», = — 1; from these equations by eliminating m,, m,, and 77!^, 

k' — iah 
we find y' = a{x — 3a). 47. -. ,„ . ,, . 55. The equation 
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y = mx + — represents a tangent to the parabola ; if this passes 

a y — h . 

througli the point {h,h) we have k = mh+ — ; also m = — — r- , where 

y — h a{x — h) 
[x, y) is any point on the tangent ; thus k ^ A = _ , ; 

this will give the first form of the equation. The second form 
may be deduced from the first; the student will see hereafter what 
suggested the second form; see Arts. 321 and 322. 56. The 

equation y^ = iax represents the parabola j the equation ley — 2ax 
= 2ah represents the chord of contact ; hence the equation 
4:ax {ky- 2ax) = 2ahy^ represents some locus passing through the 
intersection of the parabola and chord; then see Art. 61. 



CHAPTER IX. 

1. —T^. 2. y + ex = a ; the intercept on the axis of 

x = — ; and the intercept on the axis of y = a. 3. y + ae^ = - . 

4. The excentricity is determined by e* + e^ = 1 . 5. y = —(x + a); 

cc 

Vx . h 

y = —J- ; the lines are parallel if 2e' =1. 6. y = — {x — ae); 

the abscissa of the point of intersection is ^j j . 

7. 2/=-(l+e)(a;-a);tan ^— ^,. &. ^-^-^^^-^^ . 

9. The co-ordinates of the point are x = ,, „ — r^, «= —,7-, — t,^ • 

^ J{a' + by-^ Jia'+b") 

10. The co-ordinates of the point are a; = -77; , V = — r=r. 

19. It will be found that the circle falls entirely without the 
ellipse if the inclination of th« two parallel straight lines to the 

major axis be greater than tan"' -7- . 22. - cos ^ + ^ sin (p = l. 
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25. The co-ordinates of the required point are x = ^^ ~^' 

b-ae' 

y = -^^ — r^; the lines are parallel when e*+e'= 1. 28. x' + y^ 

-x{a6 + x')- yy' + aex' = 0. 30. If the point (A, h) be between 

2a^b' 
the directrices, the sum of the perpendiculars is . — — ^ j if 

w(C6 rC -{- Ih J 

the point (A, k) be »2.o< between the directrices, the sum of the per- 

pendiculars is =fc ., ^, , — iAp\ > *^s upper or lower sign being talcen 

according as h is positive or negative. 31. A circle having its 
cenjire at the centre of the ellipse and radius = a + b. 

32. y = ^x^J(a'+b-). See Art. 171. 34. Locus is the 

circle x' + y' = a' + b' ; this may be deduced from the second part 
of example 33. 35. See remark on Ex. 55 of Chap. viii. 

42. The first pai-t of this example may be solved by finding the 
equation to the line passing through the points of intersection of 
the two ellipses. 45. x' + y" = (a' + ¥)i (x + y). 46. Let 

h, h be the co-ordinates of an external point ; the equation 
to the corresponding chord of contact is a'hy + b'hx = a'b' ; the 
equation to the line through (/t, k) perpendicular to the chord is 
(y — k) bVi = a?h {x — h). We require that the latter line shall be 
a tangent to the ellipse ; the necessary condition may be found by 
comparing this equation with the equation y = mx + Jim^a' + W) ; 
thus we shaU obtain kV + h'b' = h'k' (a' - by. 48. a' {f+ 2yk) 
+ b' {x' + 2xh) = 0. 52. An ellipse. 53. The locus is an 

ellipse ; if ^1 be the origin, A£ the axis of a;, each of the co- 
ordinates of the focus is equal to half the radius of the circle. 

54. -j^ . 55. Put a cos (p for x and b sin <j) for y in the 

e^a 
preceding result, (Art. 168); then the greatest value is -sr • 

57. Let F denote a point on the ellipse, and Q the centre 

of the circle inscribed in the triangle STH; then if y* be the 

ordinate of P it may be shewn that the radius of the circle which 

area of triangle (SP5^ ey' .,..., j- . j /^ . v 

= ^ — -. ^ = r-: — ; this IS the ordinate of Q ; the 

semiperimeter or triangle 1 + e 
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abscissa of Q may be expressed in terms of the co-ordinates of P 
since Q is on the normal at F ; thus it will be found that the 
required locus is an ellipse. 58. Knd the point in which SZ 
meets the normal at F ; then find the point in which HZ' meets 
the normal at P ; it will then appear that the points coincide. 



CHAPTER X. 

1. xh (bx' — ay') + ya (ay' + hx') = aV. 2. Refer the ellipse 
to the diameter and its conjugate as axes. 3. See Art. 11. 
8. r (a" sin' e + b' cos' B) = 2a¥ cose. 9 and 10; use the re- 

sult of 8. 12. Result the same as that in Ex. 11. 13. They 

intersect wheti 6 = and when = -„ • 14. The equations to 

the tangents at the ends of the latera recta are, (Art. 205), 
r (e cos 6 + smd) = a{l — e') ; r (sin 8 - e cosd) = a{l + e') ; 
r (e cos — sin 0) = a (1 — e') ; r (sin 6 + e cos 0) = — a (1 + e"). 
The equations to the tangents at the ends of the minor axis are 
r sm6 = b ; r sind = —b. 15. A straight line through S. 

See Art. 205. 17. cos = - .^-tl , r = a (1 + ee'). 18. Be- 

tween - and ^. 20. See Art. 208. 22. The sine of the 
a 

angle between the radius vector from the centre and the tangent 

is - , where p' (a' +V — r') = a'b' by Art. 196; then the least value 

p' 
of -^ may be shewn to be when 2r' = a' + ¥. 29. It may be 

shewn that the axis of the parabola must coincide with one 

of the axes of the ellipse, hence the latus rectum will be either 

2a' 2b' 

—n-2 — rsT f"^ -77~2 — i5T- 31. An ellipse. 32. An ellipse. 

J{a' + b') J{a'+b') ^ ^ 

35. Use the polar equations to FQ and pq ; see Art. 205. 

38. Two of the sides of the parallelogram are determined by the 

equations - cos ^ + ^ sin ^ = ± 1, and the other two by the 
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equations - cos i>' + t sin^' = ± 1 ; see example 22 of Chap. ix. 

It may be shewn that the diagonals of the parallelogram inter- 
sect at the centre of the ellipse ; then if the centre of the ellipse 
be joined with two adjacent corners of the parallelogram the 
triangle thus formed is one fourth of the parallelogram; and 
the area of the triangle is known by example 7 of Chap. i. 

41. The abscissa is ^ , , and the ordinate — . 42. The 

6 a 

co-ordinates of the intersection of the tangents are found in 

Ex. 41 ; call them h and Jc, then use the second form given in 

Ex. 35 of Chap. ix. 44. The greatest value may be found by 

substituting for x' and y' their values from Art. 168 ; it is 

ab {J"2 - 1). 47. An ellipse. 48. An ellipse referred to 

its equal conjugate diameters. 51. This may be solved by 

means of Ex. 50. Or we may take the usual axes, then if a', y' be 

n^.-, P ,^ .„, a(ax'+hy^ hCax'+hy') 

the co-ordinates oi r^ those of M will be ' „ — j^— ^ ana —^—5 — tz — 'i 

a +0 a +0 

those of N wiU be "^ , ~i/ and ^ K ~^ ■ Hence the solution 
a+b a'-i-b 

can be completed. 

CHAPTER XI. 
1. y'-3x' = -3a'. 2. A straight line. 

CHAPTER XII. 

3, Let a line be drawn through the focus meeting the hyperbola 
in P and p and the asymptotes in Q and q ; then it may be shewn 

2a (e' -I) 2a sin" a „ 2a sin a sin , ,, 

'^^^^P= l-e^cos'6 = cos'a-oos'e ' ^^^ = cos" a - cos" ' """^ ^^^^ 
required length is half the difference of Fp and Qq. 4. Take 

the centi-e of the circle as the origin, A£ as the axis of x, and a 
diameter parallel to FQ as the axis of y ; then the locus is given 
by the equation y'=x'- a', and is therefore a rectangular hyperbola 
referred to conjugate diameters. 9. Use Art. 205. 10. Both 
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the diameters must ineet the curve ; it will be found that this 
requires the conjugate axis to be greater than the transverse axis. 



CHAPTER XIII. 

1. The equation may be -written {x — ^y) (x — 2y- 2a) = 0, and 

therefore represents two parallel straight lines ; a line parallel to 

them, and midway between them, will be a line of centres. 

b c 

2. A = ^ , /« = ^ . 3. Two parallel straight lines. 4. A 

o o 

parabola. 5. An hyperbola if the angle A is less than - , 

an ellipse if it is greater than — , a straight line if it is equal to -^ . 
6. The equation to the hyperbola is a^if = a%^ — A:aVx + 'ih'x'; the 
asymptotes are determined by the equations ay = ± ( aj 5- ) h J3. 



3, 
8. The locus is then a straight line which coincides with the 

equal axes. 11. — y— • 13. Tan"' j- . 

14. {ay+x J{J3(i')Y- 2af3i3'x -a'{/3 + /?') y + a'fi/3'= 0. 

17. (1) A circle about the other focus of the given ellipse as 
centre ; (2) an ellipse about the other focus of the given ellipse 
as focus, and having the same excentricity as the given ellipse. 
18. The equation is (y — 3x + 1) (y — 2x + 4) = 0, and therefore 
represents two straight lines. 24. Use the result given in the 

last example to Chap. viii. 26. The equation may be written 

(of + y' + xy J2 -a'){x' + y' -xy J2~ a'') = 0. 



CHAPTER XIY. 

2. Each locus is an ellipse. 4, 5, 6. Use the equation 

x" y" 
in Art. 294. 7. The equation to the ellipse is -5 + ^ = 1 ; 
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the equation to the chord of contact is — ^ + ^ ^ 1 ; hence the 

a b 
,. x' y' xh yh 
equation -5 + tj = -j + -r? represents some locus passing through 

the points of contact. 10. The equation to the hyperbola 

is {y - k) ¥x = {x~ h) a'y. 12. Let y, y" denote the two ordi- 
nates whidi correspond to the same abscissa x' ; then 

y' = - hx' + J{¥x" - ax" +/), y"= - bx'- J{b'x" - ax" +/). 

The equations to the normals are, by Art. 284, 

(y - 2/0 {ax' + by") = {y + bx') (x - x'), and 

(y - y") (««' + W) = {y" + ix) {x-x')-, 

by addition (a - b') x (y + 26a;') + b/=0 ...{!) ; 
by subtraction b{y + bx") — {a — b^x' = x~ x', 

therefore x' {I + 2b^ — a) = x-by (2). 

Substitute the value of x' from (2) in (1) and the required equa^ 
tion will be obtained. The locus is an hyperbola. 1 3. Locus 

a conic section, which passes through H and R, and through the 
intersection of the fixed lines. 18. A cii'cle having its centre 
on the line joining the two points. 19. Two loci, an ellipse, 

and a pai-abola. 20. A circle. 23. See Art. 293. 

26. Use the equation to the parabola given in Art. 294, and 
the equation to the circle given in Example 21 to Chap. vi. 

29. rsin2e = c. 30. x^y^ + y^x^ = a'. 32. See Example 

30 to Chap. X. 35. An ellipse. 37. In the first case the 

locus is a circle ; in the second it is a straight line. 38. A circle 

6V 1/ 
having its centre at H. 44. — j- + ^ = 1. 46. The equa- 



a 



b' 



OC It 

tion is y' = 4a5 (rB — 8a). 50. The line — r = 0, bisects the 

chord of contact, and is therefore parallel to the axis of the para- 
bola ; if through the jioint (a, 0) a line be drawn making the same 
angle with the tangent at that point as the axis makes, the focus 
must be in this line ; the equation to this line is y (a + 26 cos m) 
+ 6 (a; — a) = 0. Similarly we can draw a line through the point 
(0, 6) which will also contain the focus. 52. We may take for 
the equation to one normal y = mx — am - am", and for the other 
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x=m'y-am'-am''; also m'=-m. Then by addition y+a;=m(a;-y). 

Substitute for m in the first equation and reduce ; thus 2a {x. + y) 

= {x — yf. 53. We have to eliminate m between 

mia'-V) , mia'-b') 

y — mx = 77-1 57^ , and my + x= „ \ , — 75: • 

" J{a? + m?V)' " J{m-a- + lf) 

Square and add ; we shall obtain after reduction 

,-..-= f-^^y-^y (1). 

Also (y - mxy {a" + m'¥) = (my + xf {m^a" + V) ; 
by reduction we obtain 

{ay-b'x')fm-^=-2xy{a' + ¥) (2). 

From (1) and (2) 

[a' + b") {x' + y') (a' y' + ¥ xy = (a' - bj (a' if- V xj. 



CHAPTER XV. 

6. J a + JP + Jy = 0. 10. The equation to the conic sec- 

tion being l(3y + my a + na/3 = 0, that to A'Ji is (m + n) a + ly = 0, 
that to A'C is (m + n) a + lf3 = 0, and that to A'B' is 
{m +n) a + (l + n)/3-ny = 0. 13. Imn + 1 = 0. 

21. — H 1 — =0. 26. The equation to the first hyperbola is 

/Sy = A A'' sin -q- j similarly for the others. 31. The equation 

to the conic section may be taken to be a/3 = ^y^ ; and the 
equation to the line PQ wUl be a — /3 = 0. The equation 
to the chord will be a.-fi = lcy. Thus h (a - jiY = ]c'\li will 
represent the lines joining P with the points of intersection of 
the chord and the conic section. From the symmetrical form of 
the last equation we infer that one line makes the same angle 
with the line a = which the other makes with the line ^ = 0. 
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Second Edition, Svo. cloth, 18*, 

CAMBRIDGE.— Cambridge and Dublin MathematicalJoumal. 

The Complete WorJr, in Nine Vols. Svo. cloth, 71. 4s. 

ONLY A FEW COPIES OF THE COMPLETE WORK IlEMAIN ON" HAND. 

CAMPBELL.— The Nature of the Atonement and its Rela- 

tion to Remission of Sins and Eternal Life. By JOHN MCLEOD 
CAMPBELL, formerly Minister of Row. Svo. cloth, 10s. 6d. 

CICERO.— Old Age and Friendship. 

Translated into English. Two Parts. 12mo. sewed, 2s. 6d. each. 

COLENSO.— The Colony of Natal. A Journal of Ten Weeks' 

Tour of Visitation among the Colonists and Zulu Kafirs of Natal. By the 
Right Rev. JOHN WILLIAM COLENSO, D.D. Lord Bishop of Natal, 
with a Map and Illustrations. Fcap. Svo. cloth, 5s. 
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COLENSO— Village Sermons. 

Second Edition. Fcap. Svo. cloth, 2s. Od. 

COLENSO.— Four Sermons on Ordination, and on Missions. 

I8mo. sewed, Is. 

COLENSO.— Companion to the Holy Communion, containing 

the Service, and Select Readings from the writings of Mr. MAURICE, 
Edited by the Lord Bishop of Natal. Fine Edition, rubricated and bound in 
morocco, antique style, Gs.; or in cloth, 2s. 6d. Comjnon Paper, limp cloth, U. 

COTTON.— Sermons : chiefly connected with Public Events 

of 1854. By G. E. LYNCH COTTON, M.A. Master of Marlborough College, 
formerly Fellow of Trinity College, Cambridge. Fcap. Svo. cloth, 3«. 

CROSSE.— An Analysis of Paley's Evidences. 

By C. H. CROSSE, M.A. of Gains CoUege, Cambridge. 12mo. boards, 
3s. 6d. 

DAVIES.— St. Paul and Modem Thought : 

Remarks on some of the Views advanced in Professor Jowett's Commentary 
on St. Paul. By Rev. J. LL. DAVIES, M.A. Fellow of Trinity College, Cam- 
bridge, and Rector of Christ Church, Marylebone. Svo. sewed, 2s. 6d. 

DEMOSTHENES.— Demosthenes de Corona. 

The Greek Text, with English Notes. By BERNARD DRAKE, M.A. late 
Fellow of King's Coll. Cambridge, Editor and Translator of the " Eumenides 
of .^schylus." Crown Svo. cloth, 5s. 

DEMOSTHENES.— Demosthenes on the Crown. 

Translated by J. P. NORRIS, M.A. Fellow of Trinity College, Cambridge, 
and one of Her Majesty's Inspectors'of Schools. Crown Svo. cloth, Ss. 

DRAKE.— Notes, Critical and Explanatory, on Jonah and 

Hosea. By WILLIAM DRAKE, M.A. formerly Fellow of St. John's College, 
Cambridge. Svo. cloth, 9s. 

DREW.— A Geometrical Treatise on Conic Sections, with 

Copious Examples from the Cambridge Senate House Papers. ByW. H. 
DREW, M.A. of St. John's College, Cambridge, Second Master of Black- 
heath Proprietary School. Crown Svo. cloth, 4s. 6<f. 

EVANS.— Sonnets on the Death of Wellington. 

BySEBASTIAN EVANS,of Emmanuel College, Cambridge. Svo. sewed, Is. 

FARRAR.— The Influence of Classical Studies on English 

Literature in the Reigns of Eliiabeth and James I. By F. TV. FARRAR, 
Fellow of Trinity College, Cambridge, and Assistant Master of Harrow 
School. Svo. sewed, Is. M. 

Li 
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FAEEAR— The Truth shall make you Free. 

A Sermon preached on April 26, 1857. Crown 8vo. sewed, 6d. 

FLOWERS OF THE FOREST. A War Ballad for 1855. 

By M. E. H. Crown Svo. sewed, 6d. 

FROST.— The First Three Sections of Newton's Principia. 

With Notes and Problems in illuktration of the suhject. By PERCIVAL 
FROST, M.A. late Fellow of St. John's College, Cambridge, and Mathe- 
matical Lecturer of Jesus College. Crown Svo. cloth, 10s. Gd. 

GILL.— The Anniversaries. Poems in Commemoration of 

Great Men and Great Events. By T. H. GILL. Fcap. Svo. cloth, 5s. 

GODFRAY,— An Elementary Treatise on the Lunar Theory. 

With a brier Sketch of the History of the Problem up to the time of Newton. 
By HUGH GODFRAY, M.A. of St. John's College, Esquire Bedell in he 
University of Cambridge. Svo. cloth, 5s. Gd. 

GRANT.— Plane Astronomy. 

Including Explanations of Celestial Phenomena, and Descriptions of Astrono- 
mical Instruments. By A. R. GRANT, M.A., one of Her Majesty's In- 
spectors of Schools, late Fellow of Trinity College, Cambridg6. Svo. boards, 6s. 

GRIFFIN.— The Theory of Double Refraction. 

By W. N. GRIFFIN, B.D. Vicar of Ospringe, Faversham. Svo. sewed, 2t. 

HALE.— The Transportation Question; or, Why Western 

Australia should be made a Reformatory Colony instead of a Penal Settle- 
ment. By the Right Rev. MATTHEW B. HALE, D.D. Lord Bishop of 
Perth. Crown Svo. sewed 2s. 6rf. 

HALLIFAX.— Analysis of the Civil Law, being a comparison 

of the Roman and English Law. By BISHOP HALLIFAX, with Additions, 
by J. W. GKLDAKT, LL.D. of Trinity Hall, Cambridge. Svo. boards, Ss. 6i. 

HAMILTON.— On Truth and Error : Thoughts, in Prose and 

Verse, on Ihe Principles of Truth, and the Causes and Effects of Error. 
By JOHN HAMILTON, Esq. (of St. Ernan's), M.A. St. John's College, Cam- 
bridge. Crown Svo. cloth, 10s. 6d. 

HARE.— Charges delivered during the Years 1840 to 1854- 

With Notes on the Principal Events affecting the Church during that period. 
By JULIUS CHARLES HARE, M.A. sometime Archdeacon of Lewes, and 
Cliaplain in Ordinary to the Queen. With an Introduction, explanatory 
of his position in the Church with reference to the parties which divide it, 
3 vols. Svo. cloth, U. Us. 6d. 

HARE.— Miscellaneous Pamphlets on some of the Leading 

Questions agitated in the Church during the Years 1845—51. Svo. cloth, 12s. 
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HARE— The Victory of Faith. 

Second Edition. 8to. cloth, 5s. 

HARE.— The Mission of the Comforter. 

Second Edition. With Notes. Svo. cloth, 12s. 

HARE.— Vindication of Luther from his English Assailants. 

Second Edition. Sto. cloth, 7s. 

HARE.— Parish Sermons. 

Second Series. Svo. cloth, 12s. 

HARE.— Sermons Preacht on Particular Occasions. 

Svo. cloth. Us. 
'»* The two following Books are included in the Three Volumes of Charges, and 
may still be had separately. 

HARE.— The Contest with Rome. 

"VVitli Notes, especially in answer to Dr. Neivman's Lectures on Present Position 
of Catholics. Second Edition. Svo. cloth, 10^. 6d. 

HARE —Charges delivered in the Yeai'S 1843, 1845, 1846. 

Never hefore published. "With an Introduction, explanatory of his position 
in the Church with reference to the parties which divide it. 6^. Gd. 

HARE.— Portions of the Psalms in English Verse. 

Selected for Public Worship. ISmo. cloth, 2*. Cd. 

HARE.— Two Sermons preached in Herstmoncenx Church, 

on Septuagesima Sunday, 1855, being the Sunday after the Funeral of the 
Venerable Archdeacon Hare. By the Rev. H. VENN ELLIOTT. Perpetual 
Curate of St. Mary's, Brighton, late Fellow of Trinity Coilege, Cambridge, 
and the Rev. J. N. SIMPKINSON, Rector of Brington, Northampton, 
formerly Curate of Herstraonceux. Svo. U. 6d. 

HARDWICK— Christ and other Masters. 

A Historical Inquiry into some of the chief Parallelisms and Contrasts 
between Christianity and the Religious Systems of the Ancient World. With 
special reference to prevailing Difficulties and Objections. By CHARLES 
HARDWICK, M.A., Christian Advocate in the University of Cambridge. 
Part I. Introduction. Part II. The Religions op India. Part III. 
The Religions of China, America, and Oceasica. Svo. cloth. 7s. Gd. 
each part. 

HARDWICK.— A History of the Christian Church, from 
Gregory the Great to the Reformation. (A.D. 590-1600.) 

Two vols, crown Svo. cloth, 21*. 

Vol. I. contains The History from Gregory the Great to the Excommunica- 
tion of Luther. With Maps. 
Vol. II. contains The History of the Reformation in the Church. 
Each volume may be had separately. Price 10s. 6d. 
*,* These Volumes form part of the Series of Theological Manuals. 
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HARDWICK.— Twenty Sermons for Town Congregations. 

Crown Sto. cloth, 6s. Cd. 

HAEDWICK— The Universities and the Church of England. 

8to. sewed, 6d. 

HEMMING.— An Elementary Treatise on the Differential 

and Integral Calculus. By G. W. HEMMING, M.A. Fellow of St. John's 
College, Cambridge. Second Edition. 8vo. cloth, 9s. 

HENSLEY.— A Sermon Preached on Commemoration Day, 

1855, in Trinity College Chapel. By L. HENSLEY, M.A. Vicar of Hitchin, 
Herts. 8vo. Is. 

HERVEY.— The Genealogies of our Lord and Saviour Jesus 

Christ, as contained in the Gospels of St. Matthew and St. Luke, reconciled 
■\vith each other and with the Genealogy of the House of David, from Adam to 
the close of the Canon of the Old Testamentjandshowntohe in harmony with 
the true Chronology of the Times. By Lord AETHUll HERVEY, M.A. 
Rector of Ickworth. Svo. cloth, 10*. Cd. 

HERVEY.— The Inspiration of Holy Scripture. 

Five Sermons preached before the University of Cambridge. Svo. cloth, 3s, 6d. 

HERVEY. -A Suggestion for supplying the Literary Institutes 

of England with Lecturers from the Universities. Svo. sewed, 6d. 

HOWARD.— The Pentateuch; or, the Five Books of Moses. 

Translated into English from the Version of the LXX. With Notes on its 
Omissions and Insertions, and also on the Passages in -which it differs from 
the Authorised Version. By the Hon. HENRY HOWARD, D-D. Dean of 
Lichfield. Crown Svo. cloth. Genesis, 1 vol. 8s. 6d. ; Exodus and Leviticus, 
1 vol. 105. Gd. ; Numbers and Deuteronomy, 1 vol. 10*. 6d. 

HUMPHREYS.— Exercitationes lambicae; or, Progressive 

Exercises in Greek Iambic Verse. To Tvhich are prefixed the Rules of Greek 
Prosody, with copious Notes and Illustrations of the Exercises. By E. R. 
HUMPHREYS, LL.D. Head Master of the Cheltenham Grammar School. 
Second Edition. Fcap. cloth, 5^. 6d. 

INGLEBY -Outlines of Theoretical Logic. 

Founded on the New Analytic of Sir WrLLr.\M Hamilton. Designed for a 
Text-hook in Schools and Colleges. By C. MANSFIELD INGLEBY, M.A. 
of Trinity College, Camhridge. In fcap. 8vo. cloth, 3«. 6d. 

JEWELL.— An Apology of the Church of England, and an 

Epistle to Seignior Scipio concerning the Council of Trent, translated from the 
original Latin, and illustrated with Notes, chiefly drawn from the Author's 
" Defence of the Apology." By A. T. RUSSELL. Fcp. Svo, bds. 5j. 
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JUSTIN MARTYR— S. Justini Philosophi et Martyris 

Apologia Prima. Edited, with a corrected Text, and Englisli Introduction 
with explanatory Notes, \>y W. TROLLOPE, M.A. Pomliroke College, Cam- 
bridge. 8vo. bds. 7s. Sd. 

JUVENAL— Juvenal, for Schools. 

With English Notes. By J. E. B. MAYOK, M.A. Fellow and Classical 
Lecturer of St. John's College, Cambridge. Crown Svo. cloth, 105. &d. 

KENNEDY.— The Influence of Christianity on International 

Law. By C. SI. KENNEDY, of Caius College, Cambridge. Crown Svo. 
clotb, 4s. 

KINGSLEY.-Two Years Ago. 

By CHARLES KINGSLEY, F.S.A. Author of " Hypatia." Second 
Edition. S vols, crown Svo. cloth, 1/. lU. 6d. 

KINGSLEY.— " Westward Ho!" or, the Voyages and Adven- 

tures of Sir Amyas Leigh, Knight of Burrough, in the County of Devon, in 
the Reign of Her Most Glorious Majesty Queen Elizabeth. Tliird Bdition. 
Crown Svo. cloth, 7s. 6d. 

KINGSLEY.— The Heroes: or, Greek Fairy Tales for my 

Children. With Eight Illustrations by the Author. In Svo. beautifully 
printed on tinted paper, and elegantly bound in cloth, _with gilt leaves, 7s. Grf. 

KINGSLEY.- Glaucus ; or, the Wonders of the Shore. 

Third Edition, corrected and enlarged. With a Frontispiece. Fcap. Svo. 
elegantly bound in cloth, with gilt leaves, Zs. Gd, 

KINGSLEY.— Alexandria and Her Schools : being Four Lec- 
tures delivered at the Philosophical Institution, Edinburgh. With a Preface. 
Crown Svo. cloth, 5s. 

KINGSLEY.— Phaethon; or Loose Thoughts for Loose 

Thinkers. Second Bdition. Crown Svo. boards, 2f. 

LECTURES to Ladies on Practical Suhjects 

By Eev. F. D. MAURICE. 
Rev. C. KINGSLEY. 
Dr. GEORGE JOHNSON. 
Dr. SIEVEKING. 
Rev. J. LL. DAVIES. 
Dr. CHAMBERS. 

Third Edition. 7s. 6d. 

LUDLOW.— British India; its Races, and its History, con- 
sidered with reference to the Mutinies of 1S5?. A Series of Lectures. By 
JOHN MALCOLII LUDLOW, Barrister-at-Law. 2 vols. fcap. Svo. cloth, Ss. 



By F. J. STEPHEN, Esq. 
Archdeacon ALLEN. 
Dean TRENCH. 
TOM TAYLOR, Esq. 
Rev. J. S. BREWER. 
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LUSHINGTON— La Nation Boutiquifere : and other Poems, 

chiefly Political. Witli a Preface. By the late HENRlf LUSHINGTON, 
Chief Secretary to the Governor of Malta. Points Of War. By 
FRANKLIN LUSHINGTON, Judge in the Supreme Courts of the Ionian 
Isles. In 1 vol. fcap. 8vo. cloth, 3j, 

MACKENZIE.— The Christian Clergy of the first Ten Cen- 
turies, and their Influence on European Civilization. By HENllY 
MACKENZIE. B.A. Scholar of Trinity College, Cambridge. Crown 8vo. 
cloth, 6s. Bd. 

MACLEAS,.— Incentives to Virtue, Natural and Revealed. 

By G. F. MACLEAR, B.A. Scholar of Trinity College, Cambridge. Crown 
8vo. sewed. Is. 6d. 

MAHSFIELD— Paraguay, Brazil, and the Plate. 

With a Map, and numerous Woodcuts. By CHARLES MANSFIELD, M.A. 
of Clare Collc?}?e^ Cambridge. With a Sketch of his Life^ By the Rgt. 
CHARLES KINGSLEY. Crown Svo. cloth, \2s. 6cK 

M'COY.—ContributioDs to British Palaeontology; or, First De- 
scriptions of several hundred Fossii Radiata, Articulata, Mollusca, and Pisces, 
from the Tertiary, Cretaceous, Oolitic, and Palaeozoic Strata of Great Britain. 
With numerous Woodcuts. By Freperick McCoy F.G.S., Professor of 
Natural History in the University of Melbourne. 8vo. cloth, Os. 

MASSON.— Essays, Biographical and Critical ; chiefly on the 

English Poets. By DAVID MASS0N,M.A. Professor of English 
Literature in University College, London. 8vo. clotli, 12^. 6d. 

MAURICE.— Expository Works on the Holy Scriptures:— 
I.— The Patriarchs and Lawgivers of the Old Testament. 

Second Edition. Crown Svo. cloth, 6s. 
This volume contains Discourses on the Pentateuch, Joshua, Judges, 
and the beginning of the First Book of Samuel. 

II.— The Prophets and Kings of the Old Testament. 

Second Edition. Crown Svo. cloth, lOs. Crf. 
This volume contains Discourses on Samuel I. and II., Kings I.andll. 
Amos, Joel, Hosea, Isaiah, Micah, Nahum, Habakkuk, Jeremiah , 
and EzekieL 

m.— The Unity of the New Testament. 

8vo. cloth, lis. 
This Volume contains Discourses on the Gospels of St. Matthew, 
St. Mark, and St. Luke; the Acts of the Apostles ; the Epistles of 
St. James, St. Jude, St. Peter, and St. Paul. 

IV.— The Gospel of St. John ; a Series of Discourses. 

Second Edition. Crown Svo. cloth, 10s. 6d. 

v.— The Epistles of St. John ; a Series of Lectures on 

Christian Ethics. Crown Svo. cloth, 7s. Gd. 
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MAURICE— Expository Works on the Prayer-Book. 
I.— The Ordinary Services. 

Second Edition. Fcap. Svo. cloth, 5s. 6d. 

II.— The Church a Family. Twelve Sermons on the 

Occasional Services. Fcap, Svo. cloth, is. 6d. 

MAURICE.— Lectures on Ecclesiastical History. 

By Frederick Dgnisox Maurice, M.A., Cliaplaiii of Lincoln's Inn. 
Svo. cloth, IOj. Grf. 

MAURICE.— Theological Essays. 

Second Edition, ■n"ith a new Preface and other additions. Crown Svo. 
cloth, IOj. 6rf. 

MAURICE.— The Doctrine of Sacrifice deduced from the 

Scriptures. With a Dedicatory Letter to the Young Men's Christian Associa- 
tion. Crown Svo. cloth, 7s. Gd. 

MAURICE.— Christmas Day, and otlier Sermons. 

Svo. cloth, 10s. 6rf. 

MAURICE.— The Religions of the World, and their Relations 

to Christianity. Third Edition. Fcap. Svo. cloth, 5s. 

MAURICE.— On the Lord's Prayer. 

Third Edition. Fcap. Svo. cloth, 2s. 6d. 

MAURICE.— On the Sabbath Day: the Chai-acter of the 

■\Varrior; and on the Interpretation of History. Fcap. Svo. cloth, 2s. 6d. 

MAURICE.— Leai-ning and Working.— Six Lectures on the 

Foundation of Colleges for Working Men, delivered in Willis's Rooms. 
London, in June and July, 1S54. Crown Svo. cloth, 5s. 

MAURICE.— The Indian Crisis. Five Sermons. 

Crown Svo. cloth, 2s. 

MAURICE.— Law's Remarks on the Fable of the Bees. 

Edited, mth an Introduction of Eighty Pages, hy FREDERICK DENISOK 
MAURICE, M.A. Chaplain of Lincoln's Inn. Fcp. Svo. cloth, 4». ed. 

MAURICE.— Miscellaneous Pamphlets:— 
I.— Eternal Life and Eternal Death. 

Crown Svo. sewed. Is. 6d. 

IL— Death and Life. A Sermon. Sn iBenmtwm e. s. ss. 

Svo. sewed. Is. 
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MAUEICE.— Miscellaneous Pamphlets, continued :— 

III —Plan of a Female College for the Help of the Kich 

and of the Poor. 8vo. 6d. 

IV.— Administrative Eeform. 

Crown 8vo. 3d. 

v.— The Word "Eternal," and the Punishment of the 

Wicked. Fifth Thousand. 8vo. U. 

VI.— The Name "Protestant: " and the English Bishopric 

at Jerusalem. Second Edition. 8vo. 3s, 

VII.— Eight and Wrong Methods of Supporting Pro- 
testantism. 8vo. 1«. 

VIII.— Thoughts on the Oxford Election of 1847. 

3vO. Is. 

IX.— The Case of Queen's College, London. 

8vo. Is. ed. 

X.— The Worship of the Church a Witness for the 

Kedemption of the World, 8vo. sewed, Is. 

MAYOR.- Cambridge in the Seventeenth Century. 

2 vols. fcap. 8vo. cloth, 13s. 

Vol. I. contains The Lives of Nicholas Ferrar. 

Vol. II. contains The Autobiography of Matthew Robinson. 
By JOHN E. B. MAYOR, M.A. Fellow and Assistant Tutor of St. John's 
College, Cambridge. 
*** The Autobiography of Matthew Robinson may be had separately, price 5s, 6d. 

MINUCIUS FELIX.— The Octavius of Minucius Felix. 

Translated into English by LORD HAILES. Fcap. 8vo. cloth, 3s. Sd. 

MOESE.— Working for God ; Four Sermons Preached before 

the University of Cambridge. By FRANCIS MORSE, M.A, Incumbent of 
St, John's, Ladywood, Birmingham. Crown 8vo. sewed, 2s, 6d, 

NAPIEE.— Lord Bacon and Sir Walter Ealeigh. 

Critical and Biographical Essays, By MACVEY NAPIER, late Editor 
of the Edinburgh Review and of the Encyclopedia Britannica. Post 8vo. 
cloth, 7s. 6d. 

NIND.-Sonnets of Cambridge Life. By Eev. W. NIND, M.A. 

late Fellow of St, Peter's College. Post 8vo. boards, 2s. 

NIND.— The German Lyrist; or. Metrical Versions from the 

principal German Lyric Poets. Crown Svo. cloth, 3s. 

NIND.— The Odes of Klopstock Translated. 

Fcap. Svo. cloth, 6i. 
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NIND— Italy and Vienna in 1851. 

A Series of Letters. Fcap. Svo. cloth, 5s. 6d. 

NORRIS.— Ten School-Room Addresses. 

Edited ty J. P. NORRIS, M.A. Fellow of Trinity College, and one of Her 
Majesty's Inspectors of Schools. ISmo. sewed. Si, 

NORWAY AND SWEDEN.— A Long Vacation Ramble in 

1856. By X and Y. Crown Svo. cloth, 6s. 6d. 

PARKINSON.— A Treatise on Elementary Mechanics. 

For the Use of the Junior Classes at the University, and the Higher Classes in 
Schools. With a Collection of Examples. By S. PARKINSON, M.A. Fellow 
and AssistantTutor of St. John's College, Cambridge. Crown Svo. cloth, 9». id. 

PARMINTER— Materials for a Grammar of the Modem 

English Language. Designed as a Text-hook of Classical Grammar for the 
use of Training Colleges, and the Higher Classes of English Schools. By 
GEORGE HENRY PARMINTER, of Trinity College, Cambridge; Rector 
of the United Parishes of SS. John and George, Exeter. Fcap. Svo. cloth, 3i. 6rf. 

PAYN.-Poems. 

By JAMES PAYN. Fcp. Svo. cloth, 5s. 

PAYNE.— Decaeus ; or, the Dawn of To-morrow, and The 

Bondchild. Two Sacred Allegories. By ISABEL J. PAYNE. ISmo. 
cloth. Is. 

PEACE IN WAR. Sn «lemDriam a. iS. 

Crown Svo. sewedj 1^. 

PEROWNE— " AI-Adjrumiieh." 

An Elementary Arabic Grammar. By J. J. S. PEROWNE, B.D. Fellow of 
Corpus Christi College, Cambridge, and Lecturer in Divinity in King's 
College, London. Svo. cloth, 5s. 

PERRY.— Sermons Preached before the University of Cam- 
bridge. By the Bight Rev. CHARLES PERRY, Lord Bishop of Melbourne, 
formerly Fellow and Tutor of Trinity College, Cambridge. Cxown Svo. 
cloth, 3s. 

PHEAR.— Elementary Hydrostatics. 

Second Edition. Accompanied by numerous Examples, with the Solu- 
tions. Crown Svo. cloth, 5s. 6d. 

PLAIN RULES ON REGISTRATION OF BIRTHS AND 

DEATHS. Crown Svo. sewed, Id. ; 9d, per dozen ; 5s. per 100. 
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PLATO— The Eepublic of Plato. 

Translated into English, with Notes. By Two Fellows of Trinity College, 
Cambridge, (J. LI. Davies M.A., and D. J. Vaughan, M.A.) Second 
Edition, 8vo. cloth. 

PEINCIPLES of ETHICS according to the NEW TESTA- 

MENT. Crown Svo. sewed, 2s. 

PEOCTER.— A History of the Book of Common Prayer : with 

a Rationale of its Offices. By FRANCIS PROCTER, M.A. , VicarofWitton, 
Norfolk, and late Fellow of St. Catherine's College. Third Sdition, 
revised and enlarged. Crown Svo. cloth, 10s. 6d. 
*#* This forms part of the Series of Theological Manuals. 

PUCKLE.— An Elementary Treatise on Conic Sections and 

Algebraic Geometry. With a numerous collection of Easy Examples pro- 
gressively arranged, especially designed for the use of Schools and Beginners. 
By G. HALE PUCKLE, M. A., Principal of Windermere College. Second 
Edition^ enlarged and improved. Crown Svo. cloth, 7s. 6d, 

PURCHAS.— The Priest's Dream. 

By JOHN PURCHAS, M.A. of Christ's College, Cambridge. Svo. sewed, Is. 

PUETON.— Corporate Life. 

A Sermon Preached before the University of Cambridge. By J. S. PURTON, 
B.D. Fellow and Tutor of St. Catherine's College. Svo. sewed, Is. 

EAMSAY.— The Catechiser's Manual; or, the Church Cate- 

ciasm illustrated and explained, for the use of Clergymen, Schoolmasters, 
and Teachers. By ARTHUR RAMSAY, M.A. of Trinity College, 
Cambridge. ISmo. cloth, 3s. 6i. 

EEICHEL.— The Lord's Prayer and other Sermons. 

By C. P. REICHEL, B.D., Professor of Latin in the Queen's University; 
Chaplain to his .Excellency the Lord-Lieutenant of Ireland; and late Don- 
nellan Lecturer in the University of Dublin. Crown Svo. cloth, 7s. Gd. 

ROBINSON.— Missions urged upon the State, on Grounds 

both of Duty and Policy. By C. K. ROBINSON", M.A. Fellow and Assistant 
Tutor of St. Catherine's College. Fcap. Svo. cloth, 3s. 

RUTH AND HER FRIENDS. A Story for Girls. 

With a Frontispiece. Fcap. Svo. cloth, 5s. 

SALLUST.-Sallust for Schools. 

With English Notes. By CHARLES MERIVALE, B.D.; late Fellow and 
Tutor of St. John's College, Cambridge, Sec, Author of the "History of 
Rome," &c. Crown Svo. cloth, 5s. 
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SEDGWICK AND M'COY'S British Palseozoic FossUs, 

Claseilied and Descriljed. By Adam Seegvick, F. R.S., Professor of Geology 
in tlie University of Cambridge, and Frederick M'Cot, F.G.S., Professor of 
Natural History in the University of Melbourne. With numerous Plates. 
Two Vols. ilq. cloth, £2 2s. 

SELWYN— The Work of Christ in the World. 

Sermons preached before the University of Cambridge. By the Right Rev. 
GEORGE AUGUSTUS SELWYN, D.D. Bishop of New Zealand, formerly 
Fellow of St. John's College. Third Edition. Cro^vn Svo. 2s, 

SELWYN.-A Verbal Analysis of the Holy Bible. 

Intended to facilitate the translation of the Holy Scriptures into Foreiga 
Languages. Compiled foi the use of the Melanesian Mission. Small folio, 
cloth, lis. 

SIMPSON.— An Epitome of the History of the Christian 

Church during the first Three Centuries and during the Reformation. With 
Examination Papers. By WILLIAM SIMPSON, M.A. Third Edition, 
Fcp. Svo. cloth, 5s, 

SMITH.— City Poems. 

By ALEXANDER SMITH, Secretary to the University of Edinburgh. 
Author of "A Life Drama," and other Poems. Fcap. Svo. cloth. 5s. 

SMITH.— Arithmetic and Algebra, in their Principles and 
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